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foreword 





This issue marks the completion of the third year of publication of Reactor Core Materi- 
als, one of four Technical Progress Reviews dealing with different areas of nuclear tech- 
nology. Reactor Core -Materials is written by staff members of Battelle Memorial Insti- 
tute, under the auspices of the Office of Technical Information of the U. S. Atomic Energy 
Commission. 

The Review presents the highlights of significant findings which have come to the atten- 
tion of the writers during the past quarter. Itsmain intent is to acquaint readers with the 
existence, nature, and trends of important research programs and publications. Special- 
ists who wish more detailed information are urged to consult the original references. 


R. W. DAYTON 

E, M. SIMONS 

R. W. ENDEBROCK 
Battelle Memorial Institute 
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The chaotic literature of atomic energy is a 
natural consequence of rapid development in 
this field. Because published information is 
scattered so widely, in small bits in numerous 
reports, researchers have difficulty in keeping 
abreast of their fields, to the detriment of fur- 
ther progress. The entire series of Technical 
Progress Reviews, of which this is one part, 
attempts to alleviate this situation by calling 
attention to progress being made in several 
important branches of atomic science. How- 
ever, these reviews are no substitute for the 
occasional thorough summing up provided by 
monographs, books, and the proceedings of the 
Geneva conferences. 

Such publications, when they deal with reactor 
core materials, have been discussed at some 
length in these reviews of reactor core mate- 
rials information because they represent major 
advances in coordinating atomic energy litera- 
ture. The recent publication of Volume 1, Re- 
actor Materials, of the second edition of the 
Reactor Handbook merits discussion because it 
is the only book which attempts to treat the 
whole field of reactor materials in any detail. 

For this reason, we have asked Mr. C. R. 
Tipton, Jr., editor of Volume 1 of the Reactor 
Handbook, ‘o review this book for our readers 
so as to let them know what place it will fill in 
their libraries. Mr. Tipton’s review, which 
follows, is a special feature of this issue. 








The Editors 


Volume I, Reactor Materials, of the second edi- 
tion of the Reactor Handbook, made its appear- 
ance on booksellers’ shelves in June 1960. This 
volume is the first of a series of four which 
represent a complete revision and expansion of 
the original Reactor Handbook, which is famil- 
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iar as one of the Presentation Volumes for the 
1955 Geneva Conference. The first edition of 
the Reactor Handbook was sold both commer- 
cially and by the Government Printing Office. 
Although the exact sales figures are not availa- 
ble, it is generally believed that some 30,000 
copies of the several volumes were sold. 

Considering that a basic requirement for 
publishing a book is a need, it is obvious that 
the sales of the first edition of the Reactor 
Handbook indicated not only a need but a gen- 
eral acceptance of the material prepared to fill 
the need. Because of the clearly indicated utility 
of the Reactor Handbook, and because of the 
need for updating, it was determined by the 
USAEC Office of Technical Information and its 
advisers, the Reactor Handbook Review Board 
(W. H. Zinn, H. Brooks, P. F. Gast, J. P. Howe, 
S. Lawroski, and M. C. Leverett), that a re- 
vised Handbook would be a valuable source and 
reference tool for nuclear scientists and engi- 
neers. The recently issued volume is the first 
result of this decision. The other volumes will 
be appearing shortly. 

In reviewing this first volume, Reactor Ma- 
terials, comments on some of the basic con- 
siderations involved in the revision of the 
Reactor Materials volume are in order. In the 
first edition of the Handbook, the materials 
volume was rather narrowly conceived and 
limited to normally solid materials. In pre- 
paring and planning the revision, it was agreed 
that all reactor materials (solid, liquid, and 
gas) would be discussed and that the most useful 
organizational arrangement would be to group 
materials according to their functional utili- 
zation in a reactor. The Reactor Materials 
volume is made up of seven parts: a general 
part which covers miscellaneous subjects such 
as health and safety, zirconium-hafnium sepa- 
ration, D,O-H,O separation, etc., and six spe- 


cific parts which cover fuel, cladding and 
structural, control, moderator, coolant, and 
shielding materials. An appendix covers con- 
stitutional diagrams of binary alloy systems. 

An objective of the revision was completeness. 
The editors of the four volumes of the Handbook 
agreed at the outset that each volume should be 
‘reasonably self-contained, i.e., capable of being 
used without recourse to the other volumes. 
Because of this, one will find material present 
in Volume I that may. also subsequently appear 
in the other volumes. 

Since greater time for preparation was al- 
lowed for the second edition, it was possible to 
have broad author participation. In organizing 
for the writing effort, every attempt was made 
to obtain the services of outstanding experts for 
each major section. The success of this attempt 
has added greatly to the quality of the presen- 
tation. Approximately 140 individuals fromover 
70 organizations participated in the preparation 
of the second edition of Reactor Materials. In 
writing the draft of the volume, every attention 
was to be given to completeness of coverage 
without regard to classification. Itis interesting 
to note that, by the time the Handbook writing 
was completed and the book was ready for the 
preliminary phases of publication, the declas- 
sification policy was such that only a very mi- 
nor percentage of the original information was 
deleted. 

Furthering the concept of expert contributors, 
each part of the book was assigned to an editor. 
Working with this editor was a Technical Com- 
mittee constituted to review the individual con- 
tributions. These edited and reviewed parts of 
the book were subsequently reviewed by the 
Reactor Handbook Review Board. Although this 
review mechanism was time consuming, it did 
provide the highest possible level of technical 
excellence for the Handbook. In actual elapsed 
time, approximately 4’, years was required to 
go from the original point of decision that a 
revision was desirable to a finished product, 
a 1207-page volume. The book is an excellent 
example of good type selection and makeup 
which, combined with good printing and paper 
stock and a flexible, leatherlike cover, make a 
very handsome and readable volume. In this 
regard the publishers of the book, Interscience 
Publishers, Inc., deserve special commendation 
for their efforts. 
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From the technical point of view, what sort 
of a book has been produced and what needs will 
it fill? First and foremost, of course, is the 
fact that the new edition will more than replace 
the old one as the only complete source of 
information on reactor materials. As such, the 
Reactor Handbook is expected to be a most 
valuable reference book, with the same utility 
in the field of atomic energy as the Metals 
Handbook has for metallurgy in general. 


As to quality, the names ofthe section authors 
suffice to guarantee that the treatment was 
thorough and definitive at the time the sections 
were written. This uniformly high quality has 
been attested to by the Reactor Core Materials 
authors, who were asked to review the pertinent 
sections of the Handbook when it appeared. 


The only adverse criticism by the Reactor 
Core Materials authors (and this criticism was 
made only for the Handbook articles dealing 
with the most rapidly advancing areas) was that 
the most recent information was not included. 
No apology for this fact appears necessary for 
two reasons. First, no book on atomic energy 
can be completely up-to-date. The field is mov- 
ing too fast for that to be possible. Second, as 
anyone can testify who has been involved in 
preparing a book with multiple authors, a very 
tight time schedule cannot be achieved when the 
authors work in many laboratories and do their 
writing as a spare-time effort with their other 
work taking precedence. 


The effects of the delay between writing and 
publication have been minimized as much as 
possible by making a final technical check of 
the galley proofs to delete statements which 
time had proven to be erroneous. Few such 
statements were found. Actually, even by today’s 
technology, there are few areas where the 
Handbook treatment would need to be changed 
greatly. Most of the material is as good today 
as when it was written, and, as a result, the 
Handbook is the best available reference book 
on reactor materials, well worth its cost of 
$36.50. 


Finally, it might be mentioned that the past 
issues of Reactor Core Materials more than fill 
the gap between today’s technology and that of 
about two years ago when the last drafts of 
Handbook sections were completed. 

(C. R. Tipton, Jr.) 
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lI FUEL AND FERTILE MATERIALS 





Unalloyed Uranium 


The metallography of uranium heat-treated in 
the beta and gamma phases was examined by 
Robillard.' Annealing uranium in the gamma 
phase followed by cooling at a rate dependent 
on the annealing temperature causes the forma- 
tion of substructures different from those re- 
sulting from polygonization of alpha uranium. 
The substructures are indicated by the concen- 
tration of impurities on the dislocations induced 
by the gamma-to-beta transformation. Similar 
treatment of the uranium—1.4 wt.% chromium 
alloy, in which the beta phase is stabilized at 
room temperature, confirms this explanation. In 
addition to the polygonization substructures, 
sharp discontinuities can be observed in the net- 
work of subboundaries as a fine white edging. 
The comparison of these discontinuities with 
the structure revealed by thermal etching in 
vacuo shows that these are traces of grain 
boundaries of the gamma phase. 

Creep measurements on uranium hot rolledin 
the gamma region were performed by the Rus- 
sians’ on rod specimens 10 mm in diameter by 
100 mm long, in a lithium atmosphere. The re- 
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Figure 1—Creep of gamma-rolled uranium versus 
stress.’ 


sults obtained are shown in Fig. 1. The defor- 
mation of uranium subjected simultaneously to 
thermal cycling and tensile stresses was in- 
vestigated.’ In all cases the elongation was 
greater than that caused by creep in a simple 
tension test. This occurs even if tensile and 
thermal-cycling stresses are of opposite sign. 

In a British study‘ of the effect of the alpha- 
to-beta transformation on the preferred orienta- 
tion of alpha uranium, rolled uranium rods were 
subjected to varying amounts of transformation 
into the beta phase in a temperature gradient. 
The results show that the phase change is ac- 
complished by a transformation band of mixed 
alpha and beta phases passing through each 
specimen and that the amount of the loss of pre- 
ferred orientation is a function of the degree of 
transformation. 

Du Pont® is using a diffraction technique that 
utilizes an X-ray orientation parameter, or 
“growth index,” to correlate preferred orienta- 
tion with irradiation growth. A valueof yp = 114 
per cent elongation/at.% burnup is derived fora 
highly textured specimen in the form of hot- 
press-bonded aluminum-clad uranium plate. A 
dilatometric technique, also devised by Du Pont, 
makes use of an “orientation coefficient” thatis 
obtained by measuring the thermal expansion 
just following a reversal in temperature. This 
procedure avoids extraneous deformation due to 
grain-interaction effects. A value y, = 120 per 
cent elongation/at.% burnup was obtained by the 
dilatometric technique for the aluminum-clad 
uranium plate. The y, values obtained by both 
the X-ray and the thermal-expansion methods 
are in good agreement but are considerably less 
than the value y, = 420 per cent elongation/at.% 





*The term y, means the effective irradiation growth 
of anincremental volume of metal inthe b-axis direc- 
tion. 
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burnup measured for unrestrained single crys- 
tals of uranium. 


Tensile properties of irradiated uranium car- 
ried out on test pieces cut from Calder Hall fuel 
elements after a 200 to 1100 Mwd/ton exposure 
have been reported.® These tensile tests have 
produced consistent results, with ultimate ten- 
sile strengths between 48,000 and 64,000 psi, 
and negligible ductility. A small amount of duc- 
tility (0.5 per cent) can be restored to the ura- 
nium by a prolonged anneal at a temperature 
high in the alpha range. Thermal cycling be- 
tween temperatures of about 600 and 250°C 
causes decreases in density of up to 2 per cent. 
Microscopic examination shows that the re- 
sultant cavity formation is mainly intergranular. 
The tensile strength is reduced in proportion to 
the amount of cavity formation. 


Hanford’ has recently published a review of 
the literature on the release of inert gases from 
irradiated uranium. Conclusions indicate that 
there are two kinds of gas release as distin- 
guished by evolution kinetics. One type occurs 
before gross swelling is evidenced, andthe other 
follows it. Before gross swelling occurs, the gas 
release is very low, approximately 1 per cent 
of the total present. The evolution is not de- 
scribed adequately by an equation relating the 
quantity released directly to the square root of 
time at temperature. This is evidence that the 
process of gas release is not diffusion in the 
classical sense. An evaluation of the available 
data leads to the conclusion that the condition of 
the uranium surface is very important in deter- 
mining release rate and that oxidation enhances 
gas release. Where gross dimensional changes 
occur, the gas evolution rate is markedly in- 
creased. Thermal cycling increases the release 
rate and the swelling. The gas release during 
swelling is of an erratic nature and not amenable 
to quantitative analysis. 

The Israel Atomic Energy Commission has 
published literature surveys on the following 
topics: aqueous corrosion of uranium,® grain 
size in uranium,’ and gamma-to-beta and beta- 
to-alpha phase transformations in uranium.'® 

(M. S. Farkas) 


Alpha-Phase Uranium Alloys 


Russian investigators’! have determined the 
uranium-germanium phase diagram. The exist- 
ence of the U;Ge,, U,Ge,, UGe,, and UGe, com- 


pounds was established. A peritectoid com- 
pound, U,Ge, is alsobelievedto exist. The phase 
diagram is presented in Fig. 2. 
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Figure 2—Uranium-germanium phase diagram.'! 


Investigations performed by the French” on 
uranium—0.5 to 4 wt.% molybdenum alloys in- 
clude (1) isothermal and continuous cooling 
transformations and (2) equilibrium-diagram 
determinations. Other studies’ show that the 
martensitic phase produced in low molybdenum — 
uranium alloys has a monoclinic crystal struc- 
ture. 

The feasibility of improving swelling resist- 
ance in metailic uranium by increasing the dis- 
location density is under investigation by Ad- 
vanced Technology Laboratories. Increasing 
the density of dislocations is expected to in- 
crease the number of sites at which fission- 
product gas atoms are “pinned,” increase the 
number of gas-bubble nuclei, and increase me- 
chanical strength. Dislocations are introduced 
by a treatment that involves deformation of 
metastable beta or gamma phase in uranium- 
rich alloys, followed by transformation. 

Initial results on gamma-stabilized binary 
alloys containing 2, 3.5, 5, and 7 wt.% molyb- 
denum showed that large plastic reductions are 
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possible in 5 and 7 wt.% molybdenum alloys at 
450°C. The more dilute alloys were relatively 
difficult to roll. Aging experiments on deformed 
and undeformed 5 wt.% molybdenum alloys indi- 
cate that deformation accelerates the aging 
process and retards growth of the “pearlitic” 
eutectoid transformation product. Results with 
dilute chromium and chromium-molybdenum 
alloys showed that rolling is possible in the 
metastable beta phase for a short time at tem- 
peratures as low as 450°C. The beta phase is 
quite hard at lower temperatures, however, and 
cracking occurs in some alloys at relatively 
small reductions. Beta-phase deformation of 
these alloys resulted in no significant hardness 
increase, although final grain size was reduced 
appreciably. 

The corrosion behavior of irradiated uranium- 
rich alloys is reported by Argonne.’ The al- 
loys investigated include uranium—3 wt.% nio- 
bium, uranium—3 wt.% niobium—0.5 wt.% tin, 
uranium —3.8 wt.% silicon (U,Si), and uranium —2 
wt.% zirconium (clad with Zircaloy-2 and diffu- 
sion treated). Only the U,Si and uranium—2 
wt.% zirconium alloy specimens retained a sig- 
nificant degree of their preirradiation corrosion 
resistance. 

Irradiation testing of fuels for possible use in 
the Sodium Reactor Experiment (SRE) has been 
reported by Atomics International.'* The irra- 
diated fuel materials examined were (1) alpha- 
rolled beta-quenched uranium, (2) cast and beta- 
quenched uranium, (3) cast uranium-—2 wt.% 
zirconium, (4) uranium—1.5 wt.% molybdenum, 
(5) powder-compacted uranium —1.2 wt.% molyb- 
denum, and (6) extruded and swaged thorium — 
5.4 wt.% uranium. Maximum fuel burnup was 
850 Mwd per metric ton of uranium forthe ura- 
nium alloys, whereas the thorium alloy received 
a burnup of 1300 Mwd per metric ton of alloy. 
Meagured fuel contro] and surface temperatures 
were 1000 and 850°F, respectively. Fuel-slug 
dimensions were 6 by */, in. in diameter, and 
the powder compacts were 1 in. long. Arésumé 
of the results of the irradiation is shown in 
-Fig. 3. 

The thorium-uranium alloy and the uranium — 
1.5 wt.4 molybdenum alloy appeared to be 
promising fuels. The burnup and temperature 
limits of these two materials are not known and 
merit further experimentation. The powder- 
compacted uranium—1.2 wt.% molybdenum al- 
loy, the cast uranium-—2 wt.% zirconium alloy, 
and the unalloyed fuels did not appear tobe sat- 
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Figure 3—-Summary of individual dimensional changes 
of alloys irradiated to a maximum burnup of 850 Mwd 


per metric ton of uranium at a surface temperature‘® 
of 850°F. 


isfactory for further consideration as sodium 
graphite reactor fuels in fuel elements requiring 
good dimensional stability of the fuel material. 
The cast material appeared to be more stable 
than the wrought material. (M. S. Farkas) 


Gamma-Phase Uranium Alloys 


A summary has been made of the results of 
recent French studies"’ on uranium-molybdenum 
and uranium-niobium alloys. It is pointed out 
that one may obtain improved corrosion resist- 
ance and increased resistance to irradiation 
swelling through the use of these alloys as com- 
pared with unalloyed uranium, but at the expense 
of reactivity which requires the use of enriched 
uranium. In order to reduce the enrichment 
required, ternary alloying and heat-treatment 
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may provide a means of reducing the total al- 
loy requirements while maintaining the proper- 
ties and behavior desired for satisfactory per- 
formance. 


A summary of corrosion properties of 
bare and clad uranium-molybdenum, uranium- 
molybdenum base, uranium-niobium, and 
uranium-molybdenum-niobium alloys and of the 
irradiation behavior of these alloys is contained 
in two Dutch articles.'*:'® Alloys of 9 to 13.5 
wt.% molybdenum and.10 wt.% niobium are sug- 
gested as being suitable for use up to 340°C, 
their use at elevated temperatures being limited 
by swelling. This temperature appears to be 
low for uranium-molybdenum alloys, which ex- 
hibit good volume stability to temperatures of 
600°C in the absence of neutron-flux-dependent 
gamma-phase instability. The problem of 
gamma stability should not be severe in the 
higher molybdenum alloys. 


Atomics International”® suggests the possible 
use of metastable and stable gamma-phase al- 
loys as matrix materials for enriched-uranium- 
compound dispersions in applications where a 
high-uranium inventory is desirable. High burn- 
ups would be attained in the compound, whereas 
burnup would be limited in the matrix phase. 
The desirable features of a metallic fuel, such 


as good thermal conductivity, good neutron 


economy, and good thermal-shock resistance, 
are envisaged as being combined with the more 
desirable high-temperature properties of com- 
pound phases. 


Samples of rolled uranium—10 wt.% niobium 
and uranium—7 wt.% molybdenum sheet have 
been examined at Los Alamos?! both before and 
after oxidation to evaluate any epitaxial rela- 
tion between orientations of the oxide and the 
underlying metal. Pole figure plots of the base 
metal were found to be essentially the same for 
the two alloys, but the oxides showed somewhat 
different textures. 


Uranium-Molybdenum 


In a study’® of the effects of chromium, nio- 
bium, rhenium, ruthenium, and zirconium onthe 
gamma-phase stability of uranium-molybdenum 
alloys, the French found that only zirconium re- 
duced the stability of the gammaphase. The fact 
that this is the only element of those added 
which has a larger atomic radius than uranium 
leads the authors’® to conclude that metastability 
arises from contraction of the cubic gamma 


lattice. The strong tendency for ZrMo, forma- 
tion and consequent dealloying of the gamma 
phase should also be considered. When com- 
pared on the basis of reactivity loss associated 
with the addition, ruthenium is found to be the 
most effective additive for increasing the incu- 
bation period for transformation. 

The transformation of the gamma phase in 
uranium —6 and —10 wt.% molybdenum alloys has 
been studied’* using metallographic, hardness, 
and X-ray diffraction methods. In both alloys, 
transformation of the gamma phase to alpha 
uranium and the intermediate U,Mo phase oc- 
curs above 400°C by a nucleation and growth 
mechanism to yield a pearlitic type structure 
which is nucleated at the grain boundaries. Be- 
low 400°C, transformation occurs by precipita- 
tion within the grains. In the 6 wt.% molybdenum 
alloy, alpha-uranium precipitation precedes or- 
dering of the remaining molybdenum-enriched 
solid solution, whereas in the 10 wt.% molybde- 
num alloy, ordering precedes the alpha-phase 
precipitation. 

In another study by the French,”’ similar re- 
sults are reported. The decomposition of the 
gamma phase is found to proceed first by the 
precipitation of alpha uranium which enriches 
the gamma phase. Formation of U,Mo occurs 
when the gamma phase is sufficiently enriched 
in molybdenum. 

A program to perform in-pile resistivity 
measurements on uranium-molybdenum alloys 
is reported by Argonne.” Initial resistance 
changes after one-week exposures at 475 to 
635°C are given for uranium—5 and-—8 wt.% 
molybdenum alloys. These initial data merely 
indicate that the experimental arrangement is 
probably satisfactory. 

A Martin report®® deals with studies designed 
to lead to the preparation of uranium—10 wt.% 
molybdenum fuel pellets for use in a fluidized- 
bed reactor. Nickel plating is being studiedasa 
means of cladding the pellets. Attempts to cast 
pellets of the fuel alloy were unsuccessful, and 
emphasis has shifted to a cold-heading process. 
For this process the alloy is cast in rod form 
and then swaged into small-diameter pins. The 
pins are cut into short lengths that are upset in 
a die to the desired shape. Cracks resulting 
from the cold-swaging operation are reported, 
but this problem should be overcome through a 
proper heat-treatment schedule. 

A uranium-—10 wt.% molybdenum alloy can 


withstand contact with stainless steel, without 
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alloying and melting through the steel by eutectic 
formation, for longer periods of time than can 
unalloyed uranium, according to Atomics Inter- 
national.” Penetration through a 10-mil-thick 
stainless-steel jacket is indicated as requiring 
about 1 and 6 min at 2000 and 1800°F, respec- 
tively. The presence of a thin oxide film on the 
surface of the uranium-molybdenum alloy will 
substantially lengthen these times. 

In a further study*’ of the compatibility of 
stainless steel, sodium, or NaK bonded to the 
uranium—10 wt.% molybdenum alloy, no evi- 
dence of interalloying between the fuel and type 
304 stainless-steel cladding was found after 744- 
and 2184-hr exposures at 1000°F. 

A calculation of the fission-gas yield in the 
uranium—10 wt.% molybdenum alloy after ex- 


posures of 3000 and 7000 Mwd/ton has been. 


performed by Atomics International.”* Total 
concentrations of 3.09 10'* and 6.78 x 10'® 
atoms/cm’, respectively, are calculated. The 
calculation includes the 15 isotopes of bromine, 
krypton, iodine, and xenon which are produced 
in significant amounts. 


Epsilon-Phase Uranium Alloys 


Uranium-Silicon 


An Atomics International report’® briefly sum - 
marizes properties, fabrication, heat-treatment 
procedures, and irradiation behavior of U,Si. 
The need for additional irradiation data to es- 
tablish the behavior of U,Si and U,Si, is pointed 
out. The corrosion and irradiation behavior of 
uranium-silicon alloys is also summarized in 
two Dutch articles.'"»'® 

The results of X-ray diffraction examination 
of irradiated uranium-silicon alloys are re- 
ported by Chalk River. Material irradiated as 
heat-treated to yield U,Si showed no reflections 
attributable to the U,Si phase, and material 
which was alpha uranium and U,Si, prior to ir- 
radiation appeared to remain in that condition. 
A heat-treatment at 400°C for 3 hr produced no 
change in the patterns obtained. (A. A. Bauer) 


Dilute Uranium Alloys 


Aluminum-Uranium Alloys 


Unalloyed aluminum and binary aluminum- 
uranium alloys containing 5 and 13 wt.% uranium 
were studied by Oak Ridge’® for the purpose of 


determining the effect of the dispersed UAI, on 
the texture of pure aluminum. As uranium con- 
tent increased, there was an increase in spread 
and a decrease in intensity. A random texture 
did not result from uranium additions. The re- 
sults can be analyzed in terms of change from a 
(5, 6, 16) <10, 13, 8>, near (113) <343 
texture in the pure aluminum to a near <111 > 
fiber texture in the alloy containing 13 wt.% 
uranium. 


As a part of the studies concerned with the 
effect of ternary additions on the aluminum —35 
wt.% uranium alloy, Battelle*® has determined 
the 100-hr rupture strength for a series of al- 
loys. These data are reported below: 


Alloy (bal- 
Type of ance Al), 
melt wt .% 


100-hr rupture 
strength, psi 


Air 35 U 

Air 35 U-—2 Sn 
Air 35 U-—3 Sn 
Air 35 U-2 Zr 
Air 35 U-3 Zr 
Vacuum 35 U-2 Zr 
Vacuum 35 U-3 Zr 


10,100 
8,100 
7,000 
8,600 
7,900 
9,000 
8,700 


As can be noted from the above, the binary 
alloy exhibits the best rupture strength, although 
the difference between it andthe vacuum-melted 
zirconium alloys is not great enough to be con- 
sidered significant. 


Niobium-Uranium Alloys 


The niobium—10 wt.% uranium alloy showed 
no appreciable deformation at 2200°F after 300 
hr under a load of 10,000 psi, according to data 
obtained at Battelle.*° However, the specimen 
broke after 332 hr on test. The ultimate tensile 
strength of this alloy at 2200°F is as high as 
41,000 psi. 

Niobium-base binary alloys containing 10 to 
60 wt.% uranium showed the presence of a dull 
black oxide film after a 100-hr exposure to so- 
dium at 1500°F. The alloys containing 40 per 
cent or more uranium gained weight at a higher 
rate than did alloys withlessuranium. The oxy- 
gen content of the alloys seemed to have little 
effect on the sodium corrosion rate. Similar 
alloys were exposed to 600°F water for 292 
days. Although the material containing 10, 30, 
50, and 60 wt.% uranium showed a weight loss, 
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the 20 and 40 wt.% uranium alloys gained weight. 
The fabricated 20 wt.% uranium alloy gained up 
to 0.91 mg/cm’, and the 40 wt.% uranium alloy 
gained up to 0.61 mg/cm’. Zircaloy-2, when 
tested under similar conditions, gains about 0.30 
mg/cm’. 


Tensile tests performed at 800, 1300, 1600, 
and 1800°F on a niobium—10 wt.% uranium al- 
loy containing 3100 ppm oxygen indicate thatthe 
oxygen impurity has its maximum effect around 
1600°F. The ultimate tensile strength increases 
with temperature until it reaches 72,500 psi at 
1600°F. At 1800°F the ultimate tensile strength 
is 52,500 psi. 


The electrical resistivity of both the 10 and 
20 wt.% uranium alloys increases linearly be- 
tween 68 and 1800°F. In the case of 10 wt.% 
uranium alloy, the value at 68°F is 35.9 yohm/ 
cm, whereas at 1800°F the value is 66.3 uwohm/ 
cm. Corresponding values for the niobium —20 
wt.% uranium alloy are 53.7 and 77.6 wohm/cm. 
The coefficients of linear expansion for the 
same two alloys show only moderate deviation 
from a linear increase between 68 and 1800°F. 
The values for the low and high temperatures 
are given below: 


Expansion, 
10-*/°F, 
at 68 to 

200°F 


Expansion, 
10-*/°F, 
at 1600 to 

Alloy 1800°F 

Nb—10 wt.% U ~4.1 ~5.3 

Nb—20 wt.% U ~4.2 ~5.7 


Miscellaneous Alloys 


As a part of a study concerned with rhenium- 
uranium alloys, Ames*' has investigated the 
constitutional diagram. An intermediate phase 
Re,U was found to be present in the system. 
This phase melts at 2200+ 75°C and exhibits 
an allotropic transformation at 180+ 2°C. 
Single-crystal work indicates that the room- 
temperature structure is orthorhombic or te- 
tragonal. The high-temperature structure is 
believed to be hexagonal. There is a eutectic 
reaction between Re,U and each of the two ter- 
minal solid solutions. These occur at 1104+ 
3°C and 2100 + 60°C with compositions in the 
neighborhood of 20 and 65 wt.% rhenium, re- 
spectively. 


Two modifications of the U,Zr,, structure have 
been noted. One has hexagonal symmetry, and 
the other has rhombohedral symmetry. 

(R. F. Dickerson) 


Plutonium Alloys 


An Argonne report” contains a review of plu- 
tonium research conducted there during 1959. 

A number of uranium—20 wt.% plutonium — 
fissium alloys have been studied with emphasis 
on a uranium—20 wt.% plutonium—10 wt.% fis- 
sium alloy. Hardness, density, and solidus tem- 
perature for various alloys appear in Table II-1. 


Table II-1 PROPERTIES OF URANIUM—20 WT.% 
PLUTONIUM-FISSIUM ALLOYS” 





Hard- 

Composition, ness, Density, g/cm’, 

wt.% Ra at room temp. 

75 U-—20 Pu—5 Fs 75 

70 U-—20 Pu—-10 Fs 95 

65 U—20 Pu-15 Fs 76 
75 U-—20 Pu— 

3.5 Fs—1.5 Zr 84 
70 U-—20 Pu—- 

7 Fs-—3 Zr 75 
65 U—20 Pu—- 

10.5 Fs—4.5 Zr 73 


Solidus 
temp., °C 


17.86 + 0,02 
17.03 + 0.02 
16.38 + 0.02 


860 +10 
820 +10 
800 + 10 


17.72 + 0,02 
16.84 + 0.02 


16.14 + 0,02 


The compatibility of the uranium-20 wt.% 
plutonium—10 wt.% fissium alloy with various 
canning materials is being determined. Diffu- 
Sion penetration studies of stainless-steel types 
347 and 430, zirconium, Zircaloy-2, molybde- 
num, titanium, tantalum, niobium, and vanadium 
with the fuel alloy have been conducted at 700 
and 800°C for periods of 3, 10, and 30 days. 
Measurements at 600°C are in progress for 
periods of 10, 30, and 60 days. The stainless 
steels formed a molten eutectic at all tempera- 
tures studied. No diffusion bond with tantalum 
was visible at 600 and 700°C. At 794°C a very 
weak and brittle diffusion bond formed. A very 
strong diffusion bond was formed with niobium, 
the diffusion being more than 90 per cent on the 
niobium side. Zirconium and Zircaloy-2 be- 
haved very similarly, diffusion being more than 
95 per cent on the zirconium side. The presence 
of some cracks in the bond on the fuel alloy side 
indicated brittleness. The titanium diffusion 
couple exhibited three bonds which were almost 





FUEL AND FERTILE MATERIALS 


entirely on the titanium side. Molybdenum 
formed one very weak and brittle bond, 80 per 
cent of which was on the fuel alloy side. Mean 
penetration coefficients obtained from diffusion 
couples at 694 and 794°C are shown in Table 


II-2. 


Table IIl-2 MEAN PENETRATION COEFFICIENTS IN 
DIFFUSION COUPLES OF URANIUM—20 WT.% 
PLUTONIUM -10 WT.% FISSIUM AND 


VARIOUS MATERIALS” 





Canning material 


Penetration coefficient, 107"? 
cm?/sec, at indicated temp. 





694°C 


794°C 





Type 430 S.S. 


Type 347 S.S. 


Zirconium 
Zircaloy-2 
Niobium 
Tantalum 


Titanium 
Molybdenum 
Vanadium 


Molten eutectic 
formed 
Molten eutectic 
formed 
10.76 
5.43 
16.81 
No diffusion 
visible 
2.71 
3.24 
No bonding 





Molten eutectic 
formed 
Molten eutectic 
formed 
1239 
640.1 
125.8 
190.7 


42.25 
24.11 
No bonding 


Table Ii-3 IRRADIATION-INDUCED DIMENSIONAL 
CHANGES OF ALUMINUM-PLUTONIUM ALLOYS*”* 








Diameter change, 


Alloy (bal- wy 


Length Volume 
ance Al), — change, change, 
wt.% Top Bottom in. k 

5 Pu 0.0113 
10 Pu 0.0116 
15 Pu 0.0090 
20 Pu 0.0112 


0.0028 
0.006 
0.006 
0.0025 


0.0027 
0.0025 
0.0016 
0.0026 


-7—2,8 
1 -2.6 
-$-1.7 
2.5-—3.4 


*Fuel cores are about 0.5 in. in diameter by 1.98 in. 
long. 


In irradiation experiments the uranium—20 
wt.% plutonium —10 wt.% fissium alloy was found 
to swell excessively at temperatures as low as 
400 to 450°C. No improvement was gained by 
replacing approximately one-third of the fissium 
with molybdenum or zirconium. However, de- 
creasing the plutonium content to 10 wt.% re- 
sulted in significant improvement. 

Two cold-rolled zirconium —5 wt.% plutonium 
specimens and one zirconium—7 wt% plutonium 
specimen were irradiated to 1.4 and 1.9 at.% 
burnup, respectively, at a calculated initial tem- 
perature of 530°C. Structure of the alloys should 


have been a solid solution of plutonium in alpha 
zirconium. All three specimens elongated by 
approximately a factor of 3. Their ribbonlike 
appearance was very similar to that of irradi- 
ated pseudocrystals of alpha uranium. Longi- 
tudinal surface striations were evident. 


Hanford” has irradiated aluminum—5, —10, 
~—15, and —20 wt.% plutonium alloys to 0.1 and 
0.2 at.% burnup. Dimensional measurements of 
dejacketed alloy fuel cores which had 0.1 per 
cent burnup of total atoms appear in Table II-3. 

(V. W. Storhok) 


Thorium 


The solubility of thorium in liquid zinc is re- 
ported*' by Ames as follows: 


Temp., Thorium solubility, 


Cc wt.% 


419 
500 
600 
700 
800 
900 
1000 


0.0026 
0.022 
0.19 
0.99 
3.79 
11.12 
25.52 


The diffusivity of hydrogen in thorium between 
300 and 900°C is given by the expression 


D = 2.92 x 107° exp (-9750/RT) 


In addition, Ames reports finding two ternary 
compounds in the thorium-carbon-hydrogen sys- 
tem corresponding to the formulas ThH,- ThC 
and 2ThH,- Thc. 


A thorium-nitrogen alloy containing 5.4 wt.% 
nitrogen was prepared at Battelle®® by arc 
melting thorium under nitrogen at 2'/, atm 
pressure. Stoichiometric ThN contains 5.7 wt.% 
nitrogen. 


Smith and Honeycombe”™ found that the duc- 
tility of sintered thorium was reduced by nitro- 
gen additions in amounts up to 0.22 wt.%. More 
than 0.22 wt.% nitrogen interfered with the sin- 
terability of thorium. Massive inclusions of 
ThN in thorium were observed to tarnish more 
rapidly than the matrix when exposed to air. 
The solubility of carbon in thorium was rede- 
termined to be as follows: 
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Temp., Carbon solubility, 
x wt.% 
350 0.2 
700 0.3 
900 0.4 
1100 . 0.5 
1200 0.6 
1300 0.8 


The dynamic modulus of thorium has been re- 
measured by Livesey™ from room temperature 
to 300°C. At 20°C the modulus was found to be 
8.0 x 10'! dynes/cm* (11.6 x 10° psi). With in- 
creasing temperature, the modulus decreased at 
a rate of 5.1 10° dynes/(cm’)(°C), or 7400 
psi/°C. 


Table II-4 EFFECT OF IRRADIATION ON TENSILE 
PROPERTIES OF THORIUM” 











Neutron Yield Tensile Elongation Young’s 
“exposure, strength, strength, in 2 in., modulus, 
107° nvt 1000 psi 1000 psi i 10° psi 
0 15.7 25.0 47 ll 
0 15.4 24.2 37 12 
9.9 49.8 56.7 13 12 
11.6 49.8 50.8 33 12 
34.7 48.8* 0.2* 8* 
44.6 55.9* 0.1* 10* 


49.9 69.1 75.6 7 9 





*These specimens were probably both defective. One is 
known to have broken outside the gauge section at an oxi- 
dized crack. 


Further studies by Kneppel®® of the corrosion 
behavior of thorium alloys in 500° F water con- 
firm earlier findings by other investigators to 
the effect that zirconium is the most beneficial 
alloying addition for improving the corrosion 
resistance of thorium in water. In 500°F water, 
thorium alloys containing 5 to 10 wt.% zirco- 
nium showed corrosion rates of 25mg/(cm’)(hr) 
as compared with a rate of 150 mg/(cm’)(hr) 
for unalloyed thorium. The benefit of this alloy 
addition is even more pronounced in clad speci- 
mens. A specimen of thorium—8.8 wt.% zirco- 
nium alloy clad with Zircaloy, which contained 
an intentional defect, showed only slight cracking 
of the cladding near the defect after 132 hr in 
500°F water. Similar unalloyed, clad thorium 
specimens failed under similar conditions after 
only a few hours. 


Hanford” has canned a series of thorium ten- 
sile specimens in NaK and exposed them in the 
Materials Testing Reactor (MTR) for various 
lengths of time, presumably at process-water 
temperatures. The results of tensile tests at 
room temperature on some of the irradiated 
specimens are shown in Table II-4. (W. Chubb) 


Dispersion Fuels 


Mechanical properties of stainless steel — UO, 
dispersion fuel elements were determined at 
Knolls*’ on specimens fabricated by (1) the cold- 
binder extrusion and hot-swaging technique, 
(2) the single hot-extrusion method, and (3) the 
hot-coextrusion method followed by a second hot 
extrusion, hot rolling, swaging, or drawing. 

Cold-binder material was shown to have very 
good tensile properties except for ductility. 
Coarse oxide material has better ductility than 
fine oxide, both before and after irradiation, as 
indicated by bend tests. Although low in duc- 
tility, test results indicate that dispersion fuel 
elements of UO, clad in stainless steel have 
fair mechanical properties even after high 
burnups. 


Aluminum-base cores**:** have been strength- 
ened by the addition of aluminum-coated fuel- 
bearing Fiberglas. The Fiberglas contained 38.7 
wt.% aluminum and 61.3 wt.% urania glass, 
RX70, which contains 50 wt.% U,O,. Tensile 
strength of as-hot-pressed, composite cores, 
parallel to the fibers, ranged from 25,250 psi 
at 70°F to 18,460 psi at 800°F, with a sharp 
drop to 6820 psi occurring at 1000°F. The sharp 
decrease in the strength of aluminum alloys 
usually occurs near 400° F. The gainin strength 
observed above in composite cores did not 
carry over to specimens tested transverse to 
the fiber direction. The strength decrease in 
these latter specimens occurred at 400°F. 


The effect of dispersions of fine UO, particles 
on the dimensional stability and strength of ura- 
nium has been studied by Nuclear Development 
Corporation of America.*®“' Various quantities 
of oxide were added by controlled oxidation of 
fine uranium-powder particles. The oxidized 
powders were vacuum hot pressed, or extruded 
at 1500 to 1700°F. The particle movement dur- 
ing this fabrication breaks off the oxide filmsto 
yield the desired dispersion. Analyses of these 
specimens showed that a large quantity of nitro- 
gen was sometimes associated with the oxygen; 
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therefore the dispersed phase probably consisted 
of a U(ON), composition. Compositions up to 33 
vol.% U(ON), consistently resulted in superior 


dimensional stability over pure uranium upon 
cycling between alpha and beta phases, 1130 to 
1350°F. The duration of each cycle was 15 min, 
and 20 to 100 cycles were run. Hot bend tests 
up to 1550°F showed the same trend. 


Development and fabrication studies on SM-2 
reactor fuel plates at Battelle“ have progressed 
to the point where process specifications are 
being prepared. The irradiation programs with 


specimens containing 24 to 40 wt.% fully en- 
riched UO, and a burnable poison dispersed ina 
matrix of type 347 stainless steel is continuing. 
The specimens are to be irradiated with a sur- 
face temperature near 700°F to a peak burnup 
of 40 to 70 at.% of the U*®*. Specimens in four 
capsules have been irradiated to estimated 
burnups of about 40 at.% of the U***. These 
specimens are now being examined at the Bat- 
telle hot cell facility. 


A design and fabrication study is being made 
on instrumented fuel plates. These plates are 
composed of two half-thickness stainless steel — 
UO, fuel plates and a Zircaloy filler plate. A 
niobium-foil barrier is used between the Zir- 
caloy and stainless steel to prevent formation 
of low-melting eutectics during bonding. The 
entire assembly will be pressure bonded into 
one unit. Thermocouples will be placed in Zir- 
caloy filler layer on later models. 


The Clevite Corporation” is attempting to 


develop procedures which utilize aluminum- 
coated fuel-bearing Fiberglas asa core material 
in aluminum-clad fuel elements. Difficulties 
have been encountered with an uneven core, and 
corrective fabrication studies are in progress. 
Fiberglas-reinforced aluminum core material 
has been produced by consolidation of aluminum- 
coated Fiberglas by two pressing methods.“ 
The hot-pressing operation produced material 
that had an average density of 98.5 per cent of 
the theoretical density. Cold pressing followed 
by hot pressing produced material that had an 
average density of 99.1 per cent of the theoreti- 
cal density. Specimens of this material in which 
the fibers were oriented along the specimen axis 
exhibited a tensile strength of 25,250 psi at 
room temperature and maintained a tensile 
strength of approximately 18,450 psi from 250 
to 800° F. (D. L. Keller) 
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Refractory Fuel 
and Fertile Materials 


Properties and Behavior 
of Uranium Oxide Fuels 


The high-temperature diffusion of Kr®® in two 
uranium oxide powders has been investigated at 
Bettis.“° One powder (UO, 9,) contains 5.6-y- 
diameter particles prepared by crushing sin- 
tered UO,. The second powder (UO, 99) was 
prepared by reducing a UO, preparation with 
hydrogen. This latter powder is designated NUR 
and has a particle diameter of 0.44 y. Neutron- 
activated powders were heat-treated several 
hours at temperatures from 900 to 1500°C, and 
the Kr® results correlated with the equivalent 
sphere model. Diffusion coefficients are pre- 
sented below: 


Diffusion coefficient, cm*/sec 





Temp., 

°C Crushed UO, NUR UO, 
900 6.7 x 107"? 3.9 x 10718 
1000 1.3 x 1075 5.3 x 107"? 
1100 8.3 x 1075 7.6 x 10716 
1200 6.6 x 10~"4 5.3 x 10-15 
1300 2.2 x 107" 1.8 x 107" 
1400 5.9 x 107"9 1.0 x 107'3 
1500 2.2 x 107! 


Activation energies are 65.5 and 73.8kcal/mole 
for the crushed UO, and the NUR UO,, respec- 
tively. The diffusion coefficients are signifi- 
cantly higher than those reported for xenon by 
foreign workers and Bettis. 

An irradiation loop study of PWR Core 1, UO, 
blanket rods is reviewed fully by Bettis work- 
ers.“ Five Zircaloy-2 rods were irradiated for 
300 days at surface temperatures of about 
600°F. One of the rods had an intentional de- 
fect, a 5-mil hole. All the rods were in good 
condition after the irradiation. A 1.2-mil di- 
ametral expansion occurred in the defective 
rod. Krypton-85 release from the defective rod 
was 0.8 per cent. No microstructure changes 
in the UO, other than those associated with the 
usual high centerline temperatures were ob- 
served. The corrosion rate of the Zircaloy-2 
was not affected by the irradiation. Hydrogen 
segregated toward the outer surface of the 
Zircaloy-2 cladding, but the segregation does 
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not seriously affect the properties of the clad- 
ding. 

In a study of the high-temperature compati- 
bility between UO, and refractory materials, 
Gangler et al.‘’ have studied 30 metals, oxides, 
carbides, borides, and nitrides, all having melt- 
ing points above 4000°F. Short heat-treatments 
were carried out in vacuum or dry argon. Haf- 
nium carbide, tantalum nitride, and the metals 
tungsten and tantalum were found to be compati- 
ble with UO, to its melting point (5000°F). Di- 
tungsten boride, molybdenum carbide, and the 
metals niobium and molybdenum were found to 
be compatible with uranium dioxide to their 
melting points. 

As part of a cooperative program between 
Hanford and Battelle, the effect of fabrication 
methods and irradiation on the thermal conduc- 
tivity of UO, bodies has been demonstrated.” 
Data are presented in Figs. 4 and 5. As shown 
in Fig. 5, a large part of the irradiation effect 
anneals out at relatively low temperature. 

A study of the stabilizing influence of oxide 
additions in uranium oxide is continuing at 
Battelle.“* The objectives of this work are (1) to 
stabilize the fluorite structure of UO, under 
oxidizing conditions and (2) to reduce the vola- 
tility of uranium oxide in oxidizing environments 
at high temperature. In a transpiration study of 
finely powdered solid solutions of UO,-La,O;, 
La,O, does not appear to reduce significantly 
the vaporization of uranium oxide. Work in 
progress suggests that, in UO,-La,O, bodies, 
fuel loss at high temperature may be controlled 
by the rate of diffusion of uranium in the body. 

The general problem of fuel loss in high- 
temperature UO, ceramic dispersions is being 
studied by a number of workers. Uranium diox- 
ide bodies containing Y,O0,, ZrO,, Al,O;, La,O;, 
CaO, and CeO, are being investigated by the 
National Bureau of Standards (NBS).“ High- 
temperature properties of interest in this latter 
program include shrinkage, weight loss, struc- 
ture, and phase composition up to 1800°C. 

BeO-UO, has been proposed for a number of 
high-temperature reactor applications. Dense, 
sintered bodies containing 90 wt.% BeO exhibit 
excellent structural integrity when heated inair 
at 700 to 1650°C for long periods. 

In an assistance program to Aerojet-General 
Nucleonics directed toward the development of 
compact gas-cooled reactors, Battelle is ir- 
radiating fully enriched 59 to 44 wt.% BeO-UO, 
pellets in Hastelloy X tubes at surface tempera- 





° 
re) 
— 
| 
4 
| 





r = 


oO 
2 
‘ 
J 


Oo 
9 
ro) 





Ss 





° 
a 








oO 
2) 
Nn 





THERMAL CONDUCTIVITY, 
WATTS #(CM)(PC) 























| 
°% 100 200 300 400 500 600 700 800 
TEMPERATURE, °C 





Figure 4— Dependency of UO, thermal conductivity on 
fabrication method. @, isostatically pressed UO, 
(93.7 per cent of theoretical density). O, extruded UO, 
(95.3 per cent of theoretical density). 0, extruded UO, 
(87.4 per cent of theoretical density). A, extruded UO, 
(91.9 per cent of theoretical density). 
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Figure 5—Irradiation-induced depression and partial 
annealing recovery of UO, thermal conductivity.** 0, 
nonirradiated UO, (95.3 per cent of theoretical den- 
sity). A,nonirradiated UO, (87.4 per cent of theoreti- 
cal density). A, nonirradiated UO, (91.9 per cent of 
theoretical density). ©, irradiated UO, (94.2 per cent 
of theoretical density), irradiated to 1.16 x 10'* nvt at 
less than 150°C. 


tures of 1450 to 1725°F. After a burnup of 1 to 
1.7 at.% of the U***, the pellets were in good 
condition. Only slight dimensional changes oc- 
curred, and there were no apparent micro- 
structural changes in the BeO, UO,, or Hastel- 
loy X. (W. S. Diethorn) 


Fabrication of Uranium Oxide Fuels 


The process developed by Sylvania-Corning 
for the pilot-plant fabrication of UO, fuel pellets 
differs markedly from that reported by other 
sites.‘ Both UO, and U,O, were used in the 
starting powder. Quantities were varied to com- 
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pensate for lot-to-lot variations in the quality 
of the ceramic-grade oxide. Pellets pressed at 
about 8 tsi were sintered at 1300°C for 2 hr in 
nitrogen, then for 10 min in hydrogen to reduce 
the U;0, to UO,. It is reported that a density of 
95 to 97 per cent of the theoretical density, a 
diametral tolerance of +1 per cent, and a length 
tolerance of + 1.5 per cent can be maintained in 
production. The sintered pellets had an oxygen- 
to-uranium ratio of 1.995 to 2.010 and differed 
from conventionally prepared pellets only in that 
the grain size varied from 5 to 9 yu, whereas 
conventional UO,, sintered at 1700°C, had a 
grain size of 18 to 32 uw. Whether this difference 
would have a significant effect on fission- 
product retention has yet to be determined. It 
is reported that the lowered sintering tempera- 
ture resulted in an appreciable saving in pellet- 
fabrication costs. 

In studies of the sintering of mixtures of UO, 
and PuO, at Hanford,” it was found that physical 
mixtures of PuO, and PWR-grade UO, did not 
sinter to as high a density as the UO, alone. 
However, the sinterability of a solid solution of 
up to 10 wt.% PuO, in UO, was better than the 
sinterability of the UO,. (H. D. Sheets) 


Properties of Refractory Fuel 
Other Than Uranium Oxides 


The technology of the nuclear carbides is 
rapidly increasing; a number of laboratories are 
investigating the stability, corrosion resistance, 
thermal and electrical conductivity, strength, 
irradiation behavior, and compatibility of car- 
bides with various high-temperature cladding 
materials. Two literature reviews®''™® cover the 
uranium carbides and their reactions with vari- 
ous groups of elements and compounds. One of 
the reviews” includes published data onthe car- 
bides of plutonium andthorium. Thermodynamic 
data on the reaction of heat-transfer liquids 
with UC, are given in a report by Brewer.*® 
Current technological research on carbide fuels 
is covered in the notes from the second AEC 
uranium carbide meeting held at Battelle.™ 
However, most of these researches have been 
reported in previous issues of Reactor Core 
Materials and will not be repeatedhere. During 
the past quarter, additional data have been com- 
piled on carbide fuel material. Uranium carbide 
was found®® to be compatible with niobium-base 
alloys in 100-hr tests at 1100°C. Battelle™ has 
investigated the compatibility of UC with In- 
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conel, mild-steel, stainless-steel (type 304), 
and zirconium-metal cladding at 800, 900, and 
1200°C. Metallographic examination reveals 
only limited attack of these metals in 100-hr 
tests at temperatures up to 900°C. However, 
24-hr tests at 1200°C resulted ina considerable 
increase in the depth of penetration. A com- 
prehensive evaluation of the physical properties 
of uranium carbide and alloys of uranium car- 
bide with other metal carbides is shown in 
Table II-5. 

Rather definite improvements in the physical 
and chemical properties of UC are obtained by 
some alloy additions. High-temperature struc- 
ture studies by Wilson™ revealed transformation 
of the tetragonal UC, to a cubic CaF, type 
structure at 1820°C. Observed variations in 
the lattice parameter of the cubic UC, indicated 
a slight decomposition of the dicarbide at ex- 
treme temperatures. The variations in the lat- 
tice parameter of UC were investigated at Har- 
well. The lattice parameter first decreases 
from 4.960 to 4.952 A as the carbon content de- 
creases from 4.8 to 3.8 wt.% and thenincreases 
as the carbon content is lowe”ed further in cast 
material. However, the lattice parameter ofthe 
carbide phase in all hypostoichiometric material 
reverts to the higher value (4.960 A) during a 
1300°C anneal. 

Additional results on the irradiation behavior 
of UC are available.*® Enriched UC castings 
were evaluated at Atomics International’® after 
irradiation in the MTR at 1000 to 1830 F to 
burnups of 1500 to 14,000 Mwd/ton. The carbide 
exhibited good dimensional stability, although 
some cracks formed at the higher burnups. 
No reaction between the UC and the type 304 
stainless-steel cladding was observed. The fis- 
sion gas released corresponded to that due to 
recoil. Diffusion coefficients at 1400°C for the 
fission gas in irradiated UC containing 4.4 to 
5.0 wt.% carbon were found by the Canadians to 
be greater (1.86 x 107* cm’/sec) for the hyper- 
stoichiometric composition than for the hypo- 
stoichiometric material (4 x 10~'® cm’/sec). 
Work is continuing at Battelle®® on the diffusion 
of uranium in UC. 

Uranium compounds of interest for reactor 
fuels which appear most feasible for high- 
temperature and long burnup application were 
reviewed at Atomics International.’® In refer- 
ence 20 the physical and chemical properties 
of these compounds are presented, and the nu- 
clear properties are compared. Of the possible 
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Table II-5 PROPERTIES OF URANIUM-CARBON ALLOYS™® 





As-cast specimens Specimens annealed 1 hr at 1800°C 





Corrosion rate,* Corrosion rate,* 
7 2 
Elec- mg/(cm')(day) en take mg /(cm?)(day) 


trical Santo- Water Dry verse trical Santo- Water Dry 








Alloy Rupture stress, 
composition, psi 





wt.% resis- wax R vapor. air rupture resis- wax R- vapor air 
; Trans- Com- tivity, at at at stress, tivity, at at at 
Base Addition verse pressive pohm-cm 350°C 45°C 300°C psi pohm-cm 350°C 45°C 300°C 





UC, 12,006 102 6,500 125 
U,C; 17,000 55 15,000 45 


UC; 5 CryC, 28,000 62,000 9,000 
10 Cr;C, 13,000 98,000 11,000 
5 Mo,C 37,000 108,000 25,000 
10Mo,C 19,000 93,000 16,000 
5 NbC 14,000 112,000 . , 22,000 
10 NbC 15,000 138,000 21,000 
5 TaC 24,000 94,000 14,000 
5 TiC 22,000 43,000 15,000 
10 TiC 43,000 122,000 ; . 23,000 
5 VC 8,000 42,000 17,000 
10 vc 
5 WC 17,000 68,000 36 16,000 
10 WC 34,000 99,000 31,000 
5 Zrc 27,000 109,000 19,000 


5 Cr;C, 69,000 24,000 

10 Cr5C, 1,600 29,000 7,000 

5 Mo,C 33,000 68,000 25,000 

10 Mo,C 23,000 

5 NbC 34,000 79,000 30,000 

10 NbC ~~ 23,000 94,000 16,000 

§ TaC 42,000 140,000 0.82 

10 Tac 23,000 112,000 2.33 36,000 

5 TiC 36,000 1.15 21,000 D 

10 Tic +0.013 21,000 0.17 +0,.82 
5 VC 32,000 134,000 2.50 29,000 18.2 
10 VC 11,000 46,000 0.553 16,000 43.5 
5 WC 33,000 87,000 0.548 29,000 

10 WC 28,000 125,000 ~ 0.361 31,000 0.95 
5 Zrc 16,000 68,000 +0.012 18,000 

10 ZrC 26,000 92,000 0.523 20,000 52.6 


5 Fe 23,000 0.289 40,000 
5 Mo 26,000 48,000 0.361 20,000 
5 Nb 6,000 90,000 0.278 29,000 
5 Ni 

5 Vv 67,000 0.267 21,000 
5 W 23,000 93,000 0.475 23,000 
5 Zr 25,000 62,000 1.600 6,000 


5 Cr 26,000 
5 Fe 38,000 0.448 12,000 
5 Mo 88,000 0.395 23,000 
5 Nb 26,000 76,000 73 0.508 19,000 
5 Ni 8,000 27,000 0.664 19,000 
5 Ta 70,000 85 0.560 7,000 
5 Ti 18,000 62 0.336 21,000 
5 V 32,000 06 ,000 69 0.385 11,000 
5W 35,000 45,000 77 0.558 31,000 
5 Zr 31,000 62,000 88 0.418 22,000 





*D = complete disintegration of specimen. 
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fuels for the sodium graphite reactor, the mono- 
carbide, mononitride, silicides, boride, phos- 
phide, sulfide, and aluminide of uranium appear 
most promising. 


Plutonium compounds are being investigated at 
Hanford.” The stability of PuO, in hydrogen 
at 1500°C was found to be influenced by the 
oxalate calcining treatment. For calcining tem- 
peratures above 500°C, Pu,O, is produced during 
subsequent hydrogen anneal. Melting PuO, in 
helium, vacuum, or argon resulted in a high- 
lattice-parameter material, suggesting some 
decomposition. However, no suboxides were 
detected by X-ray diffraction analysis. The re- 
actions between PuO, and MgO, Al,O;, ZrO,, 
and stabilized ZrO, are being studied. There 
was no reaction observed between PuO, and 
MgO in 8 hr at 1500°C in hydrogen or helium. 
In the case of Al,O, and PuO,, an as yet un- 
identified reaction occurred. An addition of 
PuO, to ZrO, provided dimensional stability to 
ZrO,-rich bodies. Reacting PuO, with carbon 
at 1575 °C yields Pu,C,. The reaction is slow 
and is believed to proceed by first decomposing 
PuO, to Pu,O, and then reacting with carbon. 
PuC was obtained by carbon reduction of PuH, 
in vacuum at 1450°C. (D. A. Vaughan) 


Fabrication of Ceramic Fuels 
Other Than Uranium Oxides 


The widespread interest in UC as a nuclear 
fuel continues to be evident from the number of 
investigators studying methods of preparation 
and fabrication (references 24, 55, 56, and 61). 
Oxygen contamination can occur at any of the 
stages in the operations and is one of the most 
troublesome aspects of fabricating not only the 
carbide but other nonoxide uranium fuel com- 
pounds. In addition to the common precautions 
of using inert-atmosphere glove boxes and pro- 
tection during the handling of materials outside 
the glove box, sintering conditions have been 
found to be important. Sintering in vacuum up 
to 1000°C, followed by sintering to higher tem- 
peratures in argon, gives better results than 
either atmosphere alone.®® A convenient source 
of information on the fabrication of UC is pro- 
vided by a recent review™ that covers the ther- 
modynamic data relative to UC preparation, the 
various preparation methods that have been 
studied, the various fabricating methods availa- 
ble, and handling and storage precautions. 


In continued work on fabricating UN, it was 
found that the commonly used step of denitriding 
uranium sesquinitride in a vacuum furnace to 
form the mononitride could be simplified by 
denitriding in an argon atmosphere"! at 1450°C. 
Oxygen pickup during the transfer from the 
nitriding to the vacuum furnace was avoided in 
this way. 


Studies®™ of the preparation of U,Si, revealed 
that the compound could be prepared by heating 
a stoichiometric mixture of the elements con- 
tained in a magnesia crucible to 1550°C in an 
argon atmosphere. The reaction mixture was al- 
lowed to cool in the furnace without quenching. 
The stoichiometric mixture resulted in a siight 
excess of uncombined silicon in the product. 
The effects of adding excess uranium to the 
original reaction mixture or to the reaction 
product prior to fabrication are under study.™ 


Additional studies of the preparation and fab- 
rication of PuC were reported.”*’** Methods of 
controlling the composition and achieving high 
density have not yet been developed. 

(M. J. Snyder) 


Basic Studies of Irradiation 
Effects in Fuel Materials 


Metallic Fuels 


Excessive anisotropic growth of textured 
zirconium-rich zirconium-uranium alloys has 
been observed®™ during neutron irradiation; 
however, similar effects were not produced by 
neutron irradiation of textured zirconium-rich 
zirconium-boron alloys. Based upon theoretical 
consideration of the data obtained for both types 
of alloys, Knolls scientists propose that this 
anisotropic growth in zirconium-uranium is 
caused by anisotropic precipitation of point 
defects. 

A number of studies are in progress at Han- 
ford® directed toward an understanding of the 
swelling process in the irradiation of uranium. 
Some of the observations of one aspect of this 
work (the study of pore size and distribution of 
gas bubbles in irradiated uranium) are given 
below. A rod specimen irradiated to 0.25 at.% 
burnup at an estimated center temperature of 
450°C was sectioned into transverse wafers that 
were annealed for 100 hr at 880°C and then 
furnace cooled. The following observations were 
made: (1) in the as-irradiated condition, pores 





16 REACTOR CORE MATERIALS 


in the center are larger than those near the 
periphery; (2) in the as-irradiated condition, 
the beta-heat-treated structure has been re- 
placed by a strained structure which appears 
more pronounced at the periphery; (3) the an- 
nealing greatly enlarged the pores in the pe- 
ripheral regions but only slightly in the center; 
and (4) the annealing, involving phase transform- 
tion, resulted in cracking of the specimen near 
the core. 

Studies of the elongation of hot uranium and 
of copper in corrosion media (air, nitrogen, and 
CO,) have been made by Russian scientists.” 
A mechanism is proposed to explain the de- 
pendence of elongation upon temperature, pres- 
sure, rod diameter, and surface oxidation. 

(F. A. Rough) 


Nonmetallic Fuels 


Postirradiation studies on fission rare-gas 
diffusion are continuing at Battelle.‘?»5* Xenon- 
133 diffuses from single crystals of UO, with 
diffusion coefficients between about 1 x 107'® 
cem?/sec at 1200°C and 1x 107'® cm?’/sec at 
1400°C. Supplementary experiments have shown 
that, under out-of-pile conditions, iodine dif- 
fuses from a surrounding atmosphere into UO, 
with diffusion coefficients between 1.2 x 107'° 
cm?/sec at 1000°C and 4.6 x 107'® cm*/sec at 
1200°C. 

The subject of fission rare-gas reentry into 
UO, under irradiation has been considered at 
Chalk River.™ A discussion was presented, re- 
lating to possible effects of the diffusion, fis- 
sion recoil, and knock-on mechanisms on the 
release and reentry of fission gases. Reliable 
data to test the hypotheses are still limited. 
Experiments are in progress at Hanford*™’** on 
effects of thermal-neutron irradiation on UO, 
and ThO, microstructures and crystal struc- 
tures. In the exposure range 2.3 x 10" to 4.4 x 
10'® nvt, electron diffraction patterns for UO, 
broadened and became more diffuse. Increasing 
exposure at 50°C transformed the originally 
fine-grained films to large-grained dendritic 
structures. No corresponding effects were ob- 
served in ThO, specimens. (F. A. Rough) 
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Beryllium Metal and Alloys 


Most of the present research on beryllium is 
directed toward overcoming its brittleness at 
room temperature. This low-temperature brit- 
tleness presents the most obvious hindrance to 
more extended use of the metal as a material 
of construction. Lagerberg' summarized the 
present views on the brittleness of beryllium 
in these words: 


1. Fracture of single crystals is facilitated by 
comparatively high slip resistance in combination 
with limited numbers of deformation modes. 

2. The slipresistance may be inherent or caused 
by impurities. Comparison with deformation modes 
in other hexagonal metals in relation to the c/a 
ratio gives no information on this point. It is not 
unlikely that dissolved oxygen gives a slip resist- 
ance. 

3. Fine-grained metal with suitable texture ex- 
hibits ductility in certain directions but will not be 
able to withstand complicated stress systems. 

4. Alloying appears to improve tensile strength 
in general, whereas ductility remains unchanged or 
is reduced. 

5. It remains to be proved whether the low Pois- 
son’s ratio of beryllium is indicative of inherent 
brittleness. 


Refining, Melting, and Casting of Beryllium 


‘ Preliminary tests at the Bureau of Mines’ 
have demonstrated the possibility of electro- 
refining beryllium in molten KCl-LiCl-BeCl, 
baths. The ‘procedure offers an encouraging 
route for recovery and purification of beryllium 
scrap and possibly for production of high-purity 
metal. 

Improvement in the cast structure and im- 
proved machinability of the cast beryllium, in 
comparison with induction-melted vacuum-cast 
materials, was reported? for beryllium melted 


in an electron-beam furnace. Three-inch-di- 
ameter ingots were produced successfully. With 
a consolidation melt and two remelts, the aver - 
age vaporization loss was 11.5 per cent per 
ingot. However, these ingots did not show a 
significant increase in tensile strength or elon- 
gation, nor did they show a significant decrease 
in metallic impurities. Ingots prepared from 
Pechiney flake had lower hardness and superior 
crack-propagation characteristics than any 
others. 

A study‘ of factors influencing grain size in 
castings was undertaken, and the findings were 
applied to the production of small beryllium 
ingots. Decrease in grain size could be ob- 
tained by vibration of the mold during casting, 
when the power input was sufficiently great, 
and by the addition of certain inoculants, but 
these means were not additive. Addition of 
small amounts of rust-colored tantalum nitride 
(TaN,), WC, or TiB, appeared to nucleate new 
grains in solidifying beryllium. The addition 
of 1 at.% germanium prevented the formation 
of heavy oxide films, significantly improved 
fluidity of the melt, and promoted finer grain 
size in the casting (possibly from nucleation 
induced by the BeO-coated mold wall). 

In a similar study’ it was found that rapid 
cooling will appreciably reduce the grain size 
of cast beryllium but that the structure this 
produces is still of the columnar type. 

Ductile beryllium-silver alloys that could be 
reduced 50 per cent or more by cold rolling 
were vacuum cast from beryllium containing 
1.0 and 1.2 per cent of impurities by adding 14 
and 20 at.%of 99.99+ per cent pure silver. 
These alloys were induction melted in beryllia 
or alumina crucibles under a reduced pressure 
of argon. It was reported® that rapidly cooled 
mixtures of these materials consisted of globu- 
lar beryllium particles in a ductile silver ma- 


19 











20 





trix. During rolling, the primary beryllium 
particles underwent considerable deformation. 


Fabrication of Beryllium 


The techniques used in Great Britain for hot 
pressing beryllium and cermet powders, both 
bare and sheathed, are described in a recent 
publication.’ The importance of selecting the 
proper die materials, lubricants, and tempera- 
tures is stressed. 


Continued effort at Norair® to extrude bare 
beryllium Z-1- channels from QMV beryllium 
resulted in the production of an acceptable 
14-ft-long extrusion. Salt-bath heating ade- 
quately protected the bare beryllium from oxi- 
dation, but the problem of a satisfactory ex- 
trusion lubricant remains to be solved. Seagle 
and Bertea® reported that extruded and annealed 
beryllium from electron-beam-melted ingots 
showed appreciable ductility, both at room 
temperature and at 400°C, when the rate of 
melting was slow. 

Two reports have become available on The 
Martin Company’s work on structural beryl- 
lium. Muvdi writes'® that hot upsetting was 
chosen as the most economical process that 
would yield optimum properties and a good 
surface finish after making a comparison of 
beryllium sheet fabricated by five methods. 
With an upset reduction ratio of 6:1, thetensile 
strength of the sheet produced was about 71,000 
psi, and the fatigue strength at 10’ cycles was 
approximately 45 per cent of this. The ma- 
terial exhibited appreciable plastic deformation 
even under biaxial stress conditions. A more 
complete and detailed report'! of the process 
was released by the Air Force. Hot upsetting 
is a forging process that produces a crystal- 
lographic orientation intermediate to the iso- 
tropic hot-pressed beryllium and the aniso- 
tropic highly worked forms. The structural 
properties of beryllium sheet made in this way 
were evaluated by construction of a box beam 
which was subjected to static, dynamic, and 
creep tests. 


In order to carry out a thorough investigation 
of beryllium as a capsule material,’ beryllium 
tubing was ordered by Oak Ridge from the 
following vendors: the Pechiney Company of 
France; the Brush Beryllium Company, who 
will prepare tubing by four different methods; 
the Chesterfield Tube Company, Ltd., of Great 
Britain; and Sylvania-Corning Nuclear Corpora- 
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tion. Nuclear Metals, Inc., has begun a study 
on the effects of extrusion parameters. Supe- 
rior Tube Company, American licensee of 
Chesterfield, will also supply tubes and infor- 
mation on the British process. Meanwhile, 
Oak Ridge reports that beryllium tubing ma- 
chined from hot-pressed block by Brush Beryl- 
lium appears to have but few and very minor 
defects in comparison with the extruded tubing 
that was examined previously. 


Joining of Beryllium 


Experiments” were conducted to determine 
the suitability of electron-beam welding for 
the manufacture of beryllium tube-to-end cap 
joints. Good, leaktight joints were obtained on 
joining QMV to QMV, but an attempt to join a 
QMV plug to an extruded tube was unsuccessful. 


Also under study” are brazing methods and 
brazing alloys. Preliminary melting-point de- 
terminations have been made, and base-metal- 
wettability tests have been conducted on 15 ex- 
perimental precious-metal-base alloys. Six of 


the alloys with melting points between 1000 and 
1150°C showed good wetting properties. Leak- 
tight joints have been produced with two of the 
alloys. Alloys presently undergoing testing are 
47 Ti-47 Zr-6 Be, 46 Ti-46 Zr—4 Be-4 V, 
45 Ti—45 Zr—10 Fe, and 63 Ti—27 Fe—10 Mo. 
All these alloys flow well on beryllium without 
a flux. 


Diffusion-bonding studies were continued at 
Oak Ridge. It was found that partial grain 
coalescence was obtained after 2 hr at 1100°C 
and that complete coalescence was obtained 
after 4 hr at 1100°C. Both types were leak- 
tight. Joints made at 1000°C showed no coales- 
cence and leaked; joints made at 1150° C usually 
were porous and leaked." 


Tests are in progress on the upset welding 
process developed in Great Britain as another 
method of joining beryllium caps and tubes.” 


Brush Beryllium workers suggest’ that the 
major factor in attaining high-quality fusion 
welds in beryllium appears to be the mainte- 
nance of a proper thermal equilibrium in the 
weld zone and that the most critical variable 
in attaining this is amperage. It appears ad- 
visable to use as low an amperage setting as 
possible. Studies of coated welding rods are in 
progress. 
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Physical and Mechanical Properties 


of Beryllium 


The five independent elastic constants of 
beryllium were determined as a function of 
temperature with the pulse-echo technique at a 
frequency" of 10 Mc/sec. The values extrap- 
olated to 0°K are C,, = 29.94 + 0.06, C;, = 
34.22 + 0.12, Cy, = 16.62 + 0.05, Cy, = 2.764 
0.08, Cy, = 1.1 + 0.05, in units of 10'' dynes/ 
cm’. Voight averaging and Reuss averaging of 
the single-crystal elastic constants give excel- 
lent agreement because of the small magnitude 
of the nondiagonal elements, C,, and C,,. The 
average data compare favorably with previous 
data from polycrystalline beryllium. 

The lattice parameters of a single crystal of 
beryllium were determined from observations 
on a divergent-beam transmission X-ray photo- 
graph of the crystal.'® Diffraction inthe crystal 
leads to a series of deficiency lines on the 
photographic plate, the geometry of which is 
determined by the lattice parameters of the 
crystal and the wavelength of the radiation, but 
is independent of the exact experimental ar- 
rangement. The values obtained were: a = 
2.2866 + 0.0006 A, c = 3.5833 + 0.0009 A, and 
c/a = 1.5671. 

A review of the literature on alloying and 
other structural modifications and their effect 
on mechanical properties of beryllium was 
prepared by Brush Beryllium. *® Primary con- 
sideration was given to mechanical and physical 
properties of QMV beryllium (both sintered 
and wrought), beryllium-rich alloys, and struc- 
turally modified metal. The fabrication pro- 
cedures were described, and the methods used 
to study preferred crystallographic orientation 
in wrought beryllium were discussed. 


The Air Force has set up a new project" 
designed to evaluate the structural] properties 
of beryllium sheet produced by three methods: 
hot upsetting, hot pressing, and hot pressing 
followed by bidirectional rolling. Testing will 
be conducted at room temperature, where the 
brittleness of beryllium is most critical. On 
another Air Force project,'* charts were pre- 
sented which show that an almost complete set 
of basic mechanical-property data either is 
available or is being developed for QMV block 
and that only biaxial data are missing for 
cross-rolled beryllium sheet. On the other 
hand, there are many areas in which basic 
mechanical properties are not yet available for 


unidirectionally rolled sheet, hot-upset sheet, 
and extrusions. 

The Russians have produced beryllium metal 
of very high purity by redistillation of vacuum- 
cast material.'* They extruded a vacuum-cast, 
attritioned, and sintered metal which had a 
tensile strength of about 28,000 psi at 425 C. 

Wikle and Beaver*® present data which indi- 
cate that the ultimate strength of hot-pressed 
beryllium decreases slowly from room tem- 
perature to 600°C and rapidly from there on. 
Ductility increases above room temperature to 
a peak at about 450°C and then rapidly de- 
creases. Material that is more ductile at room 
temperature is also more ductile at the 450 C 
peak. 

Low-load indentation hardness measurements 
are reported’! to be markedly dependent on 
orientation and surface condition. Machining 
of the beryllium specimens produced a uniform 
surface layer with a diamond pyramid hardness 
(DPH) of 300 on both single-crystal and poly- 
crystalline metal. After removal of 0.008 in. 
by etching, values of 230 DPH were found on 
the basal plane and 70 DPH on the prism plane 
of a single crystal. On polycrystalline sheet, 
large variations in hardness were found, the 
amount depending on the degree of preferred 
orientation; in all cases the maximum hardness 
corresponded to the greatest concentration of 
basal planes. 

In thermal-cycling tests by workers at Oak 
Ridge,"? specimens were annealed at 800°C for 
2 hr, then heated through 80 thermal cycles at 
approximately 150°C per minute, and finally 
subjected to bend tests. A slight densification 
of the beryllium, especially of hot-pressed 
blocks, was noted. The cycling temperature 
ranges were 100 to 400°C, 400 to 700°C, 100 
to 700°C, and 100 to 850°C. Tests were made 
on rod, block, unidirectionally rolled sheet, and 
cross-rolled sheet. The thermal cycling had 
no deleterious effect on the mechanical proper- 
ties. 

Canadian stress-rupture tests on beryllium 
at 400°C* indicated that the time to rupture 
increased from 47 hr at 30,030 psi to 1236 hr 
at 29,120 psi. A series of tests on Pechiney 
beryllium specimens at 620°C produced a plot 
of time to rupture against stress which was 


*W. O. Bennett, Canadian Report AECL-1029, April 
1960. 
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parallel to that obtained from Nuclear Metals’ 
rod, but at a stress 200 to 400 psi lower. The 
point of inflection occurred at approximately 
50 hr on both curves. 

The effects of annealing in a vacuum at 
900°C for 24 hr and cooling at 2°C per hour 
were investigated using specimens cut from 
Nuclear Metals’ extruded rod. Although neg- 
ligible ductility was shown at room tempera- 
ture after this treatment, at 200 and 300°C 
remarkably high and- consistent values of duc- 
tility were obtained. In one case, after anneal- 
ing, a single peripheral grain appeared to form 
a continuous case around the specimen. 

A burst test was made on a '/,-in.-diameter 
beryllium tube from the United Kingdom. Ata 
temperature of 600°C and a gas pressure of 
2400 psi, the whole tube shattered into frag- 
ments after approximately 5 min at pressure. 

The elevated-temperature mechanical prop- 
erties of beryllium were reported” to be en- 
hanced by forming dispersed-phase alloys. The 
addition to beryllium of properly dispersed 
BeO in quantities of 2 to 3 per cent was equiva- 
lent to lowering the testing temperature 200° 
at 1000 to 1350°F. Similarly dispersed inter- 
metallic compounds such as FeBe,, resulted in 
a threefold increase in strength at 1350 to 
1650°F when 1.5 to 3 per cent iron powder was 
blended with beryllium powder prior to fabri- 
cation. Tensile and stress-rupture properties 
of some of these materials were presented 
along with their oxidation characteristics in 
1650°F air and their corrosion behavior in 
600°F water relative to unalloyed beryllium. 

Nuclear Metals reported’’ that some disper- 
sion-strengthened systems of Be-BeO and Be- 
Be,C were formed and tested at temperatures 
of 1200°F (648°C), 1350°F (732°C), and 1500°F 
(816°C). The results, presented in a way to 
permit convenient comparison of the various 
systems, are associated with certain character- 
istics of the dispersions. It was found that a 
0.3 per cent carbon addition had little effect on 
rupture life, but a 0.85 per cent carbon addition 
appeared to increase it markedly. A 1 per cent 
carbon addition increased the rupture life by a 
factor of about 4 from 1200 to 1500°F. Oxide 
additions tended to agglomerate and were, in 
general, less effective than carbon additions in 
increasing rupture life. The creep rate at 
1200°F decreased rapidly with increased car- 
bon additions over the range of 0.2 to 1.2 per 
cent carbon. 


During the study of grain size at Armour 
Research Foundation,‘ two thermal arrests 
were observed upon cooling unalloyed beryl- 
lium and all of the alloys except one. For un- 
alloyed beryllium, the first thermal arrest was 
in the range from 1275 to 1285°C, and the sec- 
ond arrest was 5 to 10°C below the first. This 
finding, combined with several supporting ob- 
servations, helps to confirm the previous ob- 
servation of Martin and Moore”‘ that beryllium 
solidifies in a body-centered cubic structure 
and then transforms toa close-packed hexagonal 
structure at 5 to 10°C below the solidification 
temperature. 


Chemical and Thermal Properties of Beryllium 


A study of the reactions of beryllium with 
CO, was reported by Oak Ridge.’? Beryllium 
powder was held at 700°C for 500 hr at a CO, 
pressure of 1 wHg. The rate curve obtained 
was parabolic and flattened out after approxi- 
mately 250 hr of exposure. After 500 hr the 
weight gain was about 0.1 mg/cm’ of beryllium. 
X-ray diffraction analysis showed the powder 
to consist of beryllium and BeO. 

The AEC was assigned a patent’® that was 
issued to R. G. Townsend on a method of pro- 
tectively coating beryllium metal. The process 
consists of etching the metal in acid, briefly 
immersing the etched beryllium in concen- 
trated nitric acid, immersing in a second solu- 
tion of sodium zincate, electroplating a thin 
layer of copper over the beryllium, and finally 
electroplating a layer of chromium over the 
copper. 


Beryllium Technology 


Three electron micrographs** showed how a 
single crystal of beryllium in a rolled poly- 
crystalline sheet was broken up into subcrystal- 
line domains, separated by barriers of disloca- 
tions. Numerous dislocations were also present 
in the subgrains. Another specimen, annealed 
30 min at 800°C in a vacuum, showed that most 
of the dislocations had disappeared. However, 
a low-density band of dislocations showing a 
hexagonal pattern still remained. The speci- 
mens for these micrographs were prepared by 
a technique the authors had described previ- 
ously*' for producing films about 100 A thick 
from large polycrystalline samples. 

An extensive review” of beryllium ores, the 
metallurgy of beryllium metal, beryllium ox- 
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ides, and powder metallurgy, with particular 
reference to nuclear applications, was pub- 
lished by the French. Los Alamos has issued 
a bibliography”® that contains 230 references 
to report literature published between January 
1954 and November 1959, describing the proper- 
ties, metallurgy, and fabrication of beryllium. 


(W. Hodge) 


Solid Hydrides 


Research on zirconium and yttrium hydrides 
predominates in this subject area, although 
some data have been published on lithium hy- 
dride and barium hydride. Hydrided alloys of 
zirconium offer promise of greater high-tem- 
perature stability for this material. Additional 
fueled moderator studies have been reported, 
together with data on hydrogen effects on Zir- 
caloy. 


Zirconium Hydride 


The phase diagram of the zirconium-hydrogen 
system at compositions approaching ZrH, has 
been studied at Atomics International.*® The 
boundaries of the two-phase beta plus delta 
hydride region and the single-phase delta hy- 
dride region were defined more precisely than 
in previous investigations. Figure 6 shows the 
isotherms that were found in the temperature 
range 550 to 850°C for these regions. A two- 
phase delta plus epsilon region was observed 
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Figure 6— Pressure-composition isotherms of the 
zirconium-hydrogen system,” 
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at room temperature but not at the high tem- 
peratures. At elevated temperatures a con- 
tinuous second-order transition from the cubic 
delta phase to the tetragonal epsilon phase is 
postulated. Figure 7 presents these results as 
a modification of the zirconium-hydrogen phase 
diagram. 
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Figure 7— Modified zirconium-hydrogen phase dia- 
gram,” 0, La Grange et al. @, Atomics International. 


For concentrations of hydrogen in zirconium 
in the range 50 to 100 ppm, it was observed at 
General Electric*! that the hydride phase forms 
in platelets. The hydride habit planes in zir- 
conium. were found to be {1122}, {1012}, and 
{1121}, which are observed twin planes in the 
metal. This observation agrees with the fact 
that precipitated hydride significantly reduces 
the impact strength of zirconium. Under high- 
strain-rate loading, the deformation mechanism 
of twinning becomes increasingly important, 
and, if hydride is present on the twin planes, 
cracking may be expected to initiate at the 
roots of the platelets where high stress con- 
centrations must prevail. 


Yttrium Hydride 


The known properties of yttrium hydride have 
been summarized.*? The density of the hydride 
as a function of the weight per cent hydrogen 
is given in Fig. 8. Some slight variations from 
this curve occur as a result of variations in 
density of the metal prior to hydriding. 

The material is extremely brittle, and short- 
time tensile properties are very hard to obtain 
and to evaluate. The problem is further com- 
plicated by the fact that the brittle condition 
exists to temperatures above 2000°F. Theulti- 
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Figure 8— Density of hydrided yttrium with varying 
hydrogen content. 


mate tensile strength is plotted in Fig. 9asa 
function of temperature. The scatter is large, 
and, on occasions, the variation in the data be- 
tween identical pieces tested under the same 
conditions has run as high as 100 per cent. 
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Figure 9— Ultimate tensile strength of hydrided yt- 
trium.” 


The hardness of yttrium metal is 100 DPH, 
and the value increases steadily as hydrogen is 
introduced, until at an Ny of 6 a hardness of 
300 DPH is reached. Figure 10 shows the ef- 
fect of temperature on the hardness of yttrium 
hydride with an Ny, of 4.8 and represents the 
best estimate from available data. Brittleness 
of the material also causes scatter in the 
penetration hardness values. 

Creep-rupture data are also influenced by the 
brittleness of the material, and variations in 
the impurities in the yttrium metal are believed 
to cause inconsistencies in the results. Data 
indicate that the hydride changes very little in 
creep strength between room temperature and 
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4.8 hydrided yttrium in argon atmosphere,” 


2000°F. In general, it possesses good strength 
and very low ductility. A typical value is a 
creep rate of 0.005 per cent per hour at 1800°F 
and 4000 psi for hydride with an Ny of 5.4. 
Table III-1 gives the thermal conductivities 
of hydride samples having Ny values of 4.22 


Table Il-1 THERMAL CONDUCTIVITIES OF 


HYDRIDED YTTRIUM™ 
(Material of Ny, 4.22 and 5.01) 





Thermal conductivity, 








Temp., Btu/ (hr) (ft) (°F) 

°F Ny 5.01 Ny4.22 
200 16.7 34.4 
400 14.2 28.8 
600 12.0 23.5 
800 10,2 18.8 
1000 8.8 15.3 
1200 | 8.0 12.9 
1400 7.6 11.3 
1600 7.3 10.4 





and 5.01, as obtained in an argon atmosphere. 
The thermal conductivity of both materials de- 
creases as the temperature increases, and the 
values approach each other. Dilatometric curves 
for linear thermal expansion are shown in 
Fig. 11. With yttrium hydride, the slope of the 
dilatometric curve changes considerably 
throughout the temperature range, and mean 
coefficients of expansion can only be specified 
in narrow temperature ranges. 
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Figure 11— Dilatometric curves for hydrided yt- 
trium,™ 
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Figure 12— Specific heat versus temperature for hy- 
drided yttrium.” 


Specific heat measuremerits have given the 
cnly evidence for possible transformations in 
the yttrium hydride system. Figure 12 shows 
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the instantaneous specific heat values as a 
function of temperature, and the possibility of 
a minor transformation is indicated between 
600 and 1200°F. In the material with N,, of 4.8, 
a definite transformation is indicated between 
1150 and 1250°F. 


Both electrical resistivity and magnetic sus- 
ceptibility have been examined as possible 
means for nondestructive determination of the 
hydrogen content of the hydride. As indicated 
in Fig. 13, the initial absorption of hydrogen 
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Figure 13—-Effect of hydrogen content on electrical 
resistivity of yttrium.” 


causes a large drop in resistivity, whereas at 
concentrations above 1 wt.% hydrogen the re- 
sistivity changes little. The magnetic sus- 
ceptibility varies linearly with hydrogen con- 
tent, as shown in Fig. 14. Results proved 
reproducible, with an accuracy of +0.05 per 
cent. 
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Figure 14— Effect of hydrogen on the magnetic prop- 
erties of hydrided yttrium.” 
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Barium Hydride 


Investigators at Iowa State*® have studied the 
barium-hydrogen system and found that the 
solubility of hydrogen in barium increases 
from 8 mole % at 300°C to 67 mole % at 950°C. 
At 950°C the solid solution decomposes peri- 
tectically. Liquidus and solidus temperatures 
increase smoothly from the melting point of 
barium at 729°C, and extrapolation ofthe nearly 
linear liquidus curve indicates a melting point 
of 1215°C for barium hydride. A phase trans- 
formation in barium hydride was detected in 
the range 500 to 600°C. The X-ray diffraction 
pattern of the high-temperature phase can be 
indexed as a body-centered cubic unit cell. 


Alloy Hydrides 


Extensive investigations of hydrogen pickup 
in Zircaloy have been conducted at Hanford.* 
Studies of autoclaved Zircaloy-2 coupons hy- 
drided at 500°C in pure dry hydrogen confirmed 
the proposed mechanism which states that, if 
the transport of hydrogen through the oxide 
film is slow, the hydrogen level in the sample 
builds up uniformly until the solubility limit is 
reached. At this point the precipitation of the 
zirconium hydride phase begins and breaks up 
the oxide surface, allowing rapid attack. How- 
ever, if the entry of hydrogen at the metal sur- 
face is rapid, such as through a scratch in the 
oxide surface, severe local hydriding occurs. 
Vapor-blasted Zircaloy-2 surfaces appeared 
to hydride more readily than etched surfaces, 
especially at low partial pressures (0.1 mm) of 
water vapor. Anodizing seemed to reduce hy- 
drogen pickup, but chromium plating over an 
iron flash on Zircaloy-2 failed to prevent 
hydriding at 500°C. 

Zircaloy-2 was hydrided electrolytically in 
experiments conducted by the Canadians.* With 
a dilute sulfuric acid electrolyte at 80°C, it 
was found that, for current densities greater 
than 100 ma/cm’, the rate of hydriding was 
independent of the current density. The sur- 
face was hydrided to a depth of 12 u after 12 hr 
at 100 to 200 ma/cm’. 

The heat of transport for deuterium in Zir- 
caloy-2 was also determined by the Cana- 





*A. Sawatzky, Canadian Report AECL-1046, June 
1960. 


dians.* Values of 6.2 and 6.8 kcal/mole were 
measured in two runs. The corresponding val- 
ues for hydrogen lie in the range 5.5to 6.5 kcal, 
mole. (H. H. Krause) 
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Rare-Earth Oxide and 


Boron Control Materials 


Dysprosium oxide and dysprosia-based ce- 
ramics are being investigated at Knolls.' For 
the two-component systems, alumina, ceria, 
niobia, urania, and zirconia were blended with 
Dy,O, and sintered at temperatures of 1600 to 
1950°C, except for a few Dy,O,-Nb,O; mixtures, 
which were sintered at temperatures as low as 
800°C. Densities varied considerably, ranging 
from 60.5 per cent of theoretical for a Dy,O,- 
Nb,O; pellet to 99.6 per cent of theoretical for 
a Dy,0,-UO, pellet. However, most of the 
samples were 80 per cent of the theoretical 
density or more. The following conclusions 
were reached: 

1. Three compounds were observed in the 
Dy,0;-Al,O; system. These appeared in the 
following molar ratios: the first at 1:2, the 
second at 1:1, and the third at 3:1. 

2. The Dy,0O,-CeO, system had wide solid 
solubility, no compound formation, and a single 
sold-solution range extending from 10 to 40 
vol.% Dy,Os. 

3. In the Dy,0,-Nb,O, system, one compound, 
DyNbO,, was observed with undetermined struc- 
ture, a melting point of 1950°C, and a true 
density of 5.493 g/cm*. There was partial solu- 
bility of the compound in Dy,O,. 

4. The Dy,0,-UO, system hac wide solid 
solubility, and no compound formation was ob- 
served. A single face-centered cubic solid- 
solution range extended up to 70 wt.% Dy,O,. 

5. The Dy,0;-ZrO, system had wide solid 
solubility, and no compound formations were 
noted. The compositions were one-phase face- 
centered cubic solid solutions between the 
limits of 10 to 60 vol.% Dy,0,. Below 10 vol.% 
Dy,O;, monoclinic ZrO, was found as a second 
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phase; whereas, above 60 vol.% Dy,O,;, dysprosia 
solid solution was present as a second phase. 


Curves for the thermal expansions of the 
dysprosia ceramics are shown in Fig. 15. Some 
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Figure 15—Thermal-expansion curves for seven 
dysprosium oxide compositions.’ A, 5 wt.% Dy,0;— 
95 wt.% UO,. O, 10 vol.% Dy,O;—90 vol.% ZrO,. x, 
Dy,O; + Nb,O;. VY, 50 vol.% Dy,0;—50 vol.% ZrO). @, 
50 vol.% Dy,O;—50 vol.% CeO,. O, Dy,O; + 2A1,03. +, 
50 wt.% Dy,O,;—50 wt.% UO». 


data on the resistance to boiling water are 
shown in Table IV-1. 

Some well-executed and long-needed thermo- 
dynamic studies on refractory borides are being 
conducted at Los Alamos.’ Leitnaker has used 
the Knudsen effusion method to determine va- 
por pressure and calculated thermodynamic 
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Table IV-1 BOILING-WATER CORROSION TESTS* 
ON DYSPROSIA-BASED COMPOSITIONS’ 





Dimensional 
Weight change, mils 
Composition Vol.% 

Dy20;- 

UO, 

Dy203- 

UO, 

Dy203- 

CeO, 

Dy203- 

ZrO, 

Dy203- 

ZrO, 


Dy2O 3 * 2A1,0, None None —0,2 


+0.1 —0.1 —0.4 


* Nb,O; —2.6 None —0.3 


*200-hr test at atmospheric pressure with deionized 
water, pH 6.4; resistivity, 2.5 megohms; pH after 200 hr, 


7.65. 


functions of zirconium diboride. It is inter- 
esting to note that he used a tungsten crucible 


which was compatible with the ZrB, at tem- 
peratures to 2475°K (~2200°C). Tantalum re- 
acted with the ZrB,. Leitnaker also observed 
that water vapor or oxygen will react with 
ZrB, in the temperature range studied (1875 to 
2200°C) even at pressures of 107'° atm. Vapor 
pressures as measured were quite low, e.g., a 
value of 1.721 107'°atm was obtained for 
zirconium at 2000°K (1723°C). Some work was 
also carried out to determine the tantalum- 
boron phase diagram in the range 0 to 50 at.% 
boron. The melting point of TaB is estimated to 
be in excess of 2800°C and that of Ta,B, as 
2180°C. The phase Ta,B is not stable below 
2040°C. (G. W. Cunningham) 


References 


- Knolls Atomic Power Laboratory, Reactor Tech- 
nology Report No. 12, Metallurgy, USAEC Report 
KAPL-2000-9, March 1960. 

2. J. M. Leitnaker, Thermodynamic Properties of 
Refractory Borides, USAEC Report LA-2402, Los 
Alamos Scientific Laboratory, January 1960. 





Section 


V CLADDING AND STRUCTURAL MATERIALS 





Corrosion 


Niobium Corrosion 


The transition from parabolic oxidation behavior 
to linear behavior, which is associated with 
breakdown of the protective oxide film, has been 
shown by Oak Ridge!’ to be strongly dependent 
on the crystallographic orientation of niobium. 
Oxidation experiments at 400 and 425°C on 
single-crystal spheres of niobium revealed that 
oxidation proceeds slower around the (100) 
poles than at other orientations. Additional stud- 
ies showed that the period of protective oxidation 
was relatively long for specimens of (100) ori- 
entation, whereas specimens of (110) and(111) 
orientation exhibited nonprotective (linear) oxi- 
dation after much shorter times. 

A second study* has shown that several reac- 
tions are involved in the successive stages of 
low-pressure oxidation at 850 to 1200°C. At 
oxygen pressures of 10~ to 10 mm, oxygen 
dissolves in the metal and the reaction behavior 
is linear, changing to parabolic as diffusion into 
the metal becomes rate controlling. After satu- 
ration of the metal surface with oxygen occurs, 
intergranular NbO forms and the reaction kinet- 
ics become linear. The kinetics then change to 
parabolic as NbO, forms on the surface. At 
about 10~* mm oxygen pressure, porous Nb,O, 
forms on top of the adherent NbO, andthe reac- 
tion again becomes linear. The parabolic-to- 
linear transition as porous Nb,O; forms is the 
same transition observed at about 400°C in air. 

The ignition temperature of niobium in flowing 
air was determined at General Electric’ as 
1470°C. This is slightly higher than the 1400°C 
value previously found‘ for ignition in 1 atm 
oxygen. Coatings may raise the ignition tem- 
perature by several hundred degrees. 

The reaction of niobium with CO and CO, has 
been shown by General Dynamics’ to result in 
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contamination hardening of the metal and forma- 
tion of a carbide case. At 820 to 930°C, carbide 
formation occurred during 100- to 500-hr ex- 
posures in 10~* atm (CO +2CO,), in 1 atm 
(helium +1 vol.% CO), and in 1 atm CO. The 
weight gains increased as titanium or zirconium 
was added to the niobium. Carbon monoxide 
apparently dissociates on reaction with niobium, 
with oxygen diffusing into the metal and carbon 
reacting to form a surface carbide layer. 

The corrosion resistance of niobium in pres- 
surized water and steam is significantly im- 
proved by additions of vanadium, titanium, or 
zirconium, according to recent Battelle stud- 
ies.°*" Alloys containing 10 at.% vanadium or 25 
at.% titanium or zirconium corrode at less than 
one-tenth the rate of unalloyed niobium in 360 C 
(680°F) water. The better alloys, such as 
niobium—28 at.% titanium—6 at.% chromium, 
corrode slower than Zircaloy-2. General Elec- 
tric studies® on niobium-vanadium alloys con- 
firm their excellent corrosion resistance. The 
improvement in corrosion resistance appears to 
be associated with a change in the scale compo- 
sition from Nb,O, to NbO,. (W. D. Klopp) 


Corrosion of Zirconium 


The material properties which limit the useful 
life of zirconium-base alloys and hafnium in 
pressurized-water reactors have been critically 
reviewed by Knolls® in the light of theory and 
experimental data. No limitations on perform- 
ance are anticipated for presently proposed re- 
actors. However, for long-lived reactors it is 
foreseen that the limiting factors in the case of 
zirconium-base alloys are hydrogen pickup and 
redistribution. For hafnium, the loss in corro- 
sion resistance due to transmutation is probably 
limiting. 

The rate of hydriding of Zircaloy-2 by molecu- 
lar hydrogen is being studied at Hanford’® under 


















conditions which might be experienced in the 
New Production Reactor (NPR) stack gas if 
water leaks in and contacts the hot graphite. In 
dry hydrogen gas at 500°C, a good ZrO, auto- 
clave film delays time for hydriding by from 2 
to 30 hr. On the other hand, dip coatings of 
aluminum, lead, zinc, and copper (immersion 
plate) all failed more rapidly than the autoclave 
film. 

The corrosion behavior in high-temperature 
water of zirconium-niobium alloys with and 
without tin is being investigated at several labo- 
ratories. Knolls work"! indicates that best cor- 
rosion behavior for a zirconium—2 at.% tin—2 
at.% niobium alloy is obtained by annealing for 
24 hr at 800°C or by cold rolling 30 per cent 
after hot rolling at 750°C. Quenching from 
950°C was found to be detrimental. This differ- 
ence in corrosion behavior between quenched and 
annealed materials is attributed to differences 
in the epitaxial relation of the oxide to metal 
resulting from changes in structure. 

Chalk River’ has found that an alloy of 
reactor-grade sponge containing 2.4 wt.% nio- 
bium and quenched from 1000°C evinces about 
twice the corrosion rate of Zircaloy-2 in 360°C 
water. Hydrogen pickup, however, was of the 
same order as that observed for Zircaloy-2. 
Ternary additions of tin in the range 0.5 to 1.5 
wt.% were found to have little or no effect on 
corrosion properties of the zirconium-niobium 
alloy at a water temperature of 315°C; whereas 
tin adversely affected corrosion properties at 
higher temperatures. 

Ternary alloy systems that are being investi- 
gated at Nuclear Metals’* and Argonne" for their 
resistance to 900 and 1000°F steam (600 to 
1500 psi) include Zr-Fe-Ni, Zr-Cr-Fe, and 
Zr-Cr-Ni. In general, the total alloy content is 
5 wt.% or less. It would appear that, if properly 
heat-treated and finished to avoid excessive edge 
spalling, several alloys show promise of pro- 
viding satisfactory service for, say, up to two 
years in 900°F steam and six months in 1000°F 
steam. 

Fretting-corrosion tests under conditions 
simulating those expected for a single Pluto- 
nium Recycle Test Reactor (PRTR) rod with a 
Zircaloy-2 spider and tube are being conducted 
at Hanford.'® On the basis of preliminary stud- 
ies, the following trends have been noted: 

1. With clearances of 5 mils, fretting oc- 
curred on the Zircaloy-2 spider and tube in the 
absence of applied vibration. 
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2. Oxide films were not effective in preventing 
fretting. 
3. Water velocities between 15 and 30 ft/sec 
had no significant effect on fretting. 
(W. K. Boyd) 


Corrosion of Aluminum Alloys 


In the field of aluminum alloy corrosion, at- 
tention is being focused on the behavior of high- 
purity materials. The alloys were melted using 
99.995 and 99.95 per cent pure aluminum, and 
they contained from 1.5 to 2.0 wt.% iron with 
0.64 to 1.2 wt.% nickel. Data obtained at Han- 
ford’® in 360°C water show no dependence of 
base-metal purity in the above range. Penetra- 
tion rates for both aluminum melting stocks 
were of the order of 0.2 mil. Similar trends 
have also been noted at Argonne. Trace 
amounts of magnesium, zinc, and copper had no 
effect on corrosion properties. By contrast, 
however, the Argonne work indicates that silicon 
in the range of 0 to 0.006 wt.% exhibits a marked 
adverse effect on corrosion behavior. 

The studies at Hanford also have included ex- 
posure in steam at 500°C and 1000 psi. All al- 
loys were destroyed in 17 hr. However, the re- 
sults indicate that resistance increases with the 
iron content. It is planned to evaluate alloys 
containing up to 3 wt.% iron. 


At Harwell'® an aluminum —2.5 wt.% nickel al- 
loy was exposed to steam at temperatures from 
270 to 500°C for periods up to one week. Up to 
350°C, uniform corrosion was the rule. As the 
temperature was increased to 400°C and above, 
penetrating attack became very prevalent, and at 
500°C considerable specimen growth was noted. 
It is interesting to note that in these studies the 
sintered aluminum product (SAP), which was 
noticeably less resistant than the aluminum —2.5 
wt.% nickel alloy at 350°C, was much less sus- 
ceptible to penetrating attack at 500°C. SAP 
containing 1 wt% nickel appears to combine the 
good resistance of the nickel alloy at low tem- 
peratures with the resistance of ordinary SAP 
to penetrating attack at 500°C. (W. K. Boyd) 


The results of a study of the hot-water corro- 
sion of aluminum-iron-nickel alloys were re- 
ported recently by French workers.'' A particu- 
lar problem in alloys of this system is localized 
intergranular attack in the mildly corrosive hot- 
water medium. The French study showed that 
the addition of about 0.1 wt.% titanium greatly 
reduced the tendency for localized fissuring in 
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aluminum-iron-nickel alloys. Zirconium addi- 
tions behaved similarly but were less effective. 


The improved behavior was attributed to the . 


ability of titanium to promote better homogeneity 
of distribution of solute atoms in the matrix. 
Second-phase dispersion is also benefited by 
titanium and zirconium additions. 

(E. S. Bartlett) 


Corrosion of lron- and Nickel-Base Alloys 


A fundamental study-of the oxidation behavior 
of binary iron—0.2 to 10 wt.% chromium alloys 
was conducted by researchers at Princeton." 
Kinetic examination of the oxidation process at 
temperatures from about 1550 to 1850° F showed 
that no single specific rate law described the 
behavior observed. Qualitatively, increased oxi- 
dation resistance with increasing chromium con- 
tent was recorded. Since the chromium content 
in these alloys is lower than that required for 
spinel formation, modification of the oxidation 
properties resulted from the effects of chro- 
mium dissolved in the basically iron oxide scale. 


Inconel, Inconel X, A-nickel, Duranickel, and 
Monel were exposed, at 1500 and 1700°F for 
times up to 500 hr, to a dynamic atmosphere 
activated by the presence of 2 x 10 atm of 
carbon dioxide and carbon monoxide at ratios of 
2:1, or less, respectively. This work, carried 
out at General Dynamics,’ showed that Inconel 
and Inconel X are slightly oxidized (films less 
than 1 mil thick formed during the maximum 
exposure) under these conditions. High-nickel 
alloys and Monel were either not corroded or 
showed only a tarnish film. A-nickel and Monel 
were significantly decarburized at 1500°F (but 
not at 1700°F), particularly by the richer (CO, 
rich) gas mixtures; however, Duranickel, de- 
spite its higher carbon content, was stable under 
the test conditions. 


A Polish program’’ investigated the absorption 
of hydrogen in iron, carbon steels, and nickel. 
For the same hydrogen potential (cathodic evolu- 
tion from an aqueous solution), it was noted that 
nickel dissolved much more hydrogen than did 
the iron-base materials studied. 


Screening tests on various potential cladding 
materials resulted in selection of Hastelloy X, 
Inconel, and Inconel 702 for continued study in 
the 99.5 per cent nitrogen—0.5 per cent oxygen, 
1750°F, 200-psi atmosphere of the Army Gas- 
Cooled Reactor Systems Program being studied 
at Aerojet General.”® Tests of 5000-hr duration 


have been completed (10,000-hr service life is 
expected), and the corrosion results are shown 
in Table V-1. These data show that Hastelloy X 
is “reasonable for 5000 hr in the reference gas; 


Table V-1 CORROSION OF CLADDING MATERIALS 
IN 99.5 PER CENT NITROGEN-0.5 PER CENT 
OXYGEN AT 1750°F, 200 pst™ 





Average depth of corrosion, mils 


Hastelloy 
R-235 


Exposure Hastelloy Inconel 
time, hr xX 702 


Inconel 


1000 i 2 No values 6 
reported 

No values 
reported 

No values 
reported 





and its resistance for 10,000 hr probably is sat- 
isfactory.’’ However, of the materials under in- 
vestigation, only Inconel (which contains no re- 
active additions) retains good ductility over the 
design times. Thus mechanical features are also 
of prime importance in the selection of cladding 
materials. Other materials currently under in- 
vestigation are Nichrome V, niobium-modified 
Nichrome ‘V (poor creep strength will influence 
the decision for use of these alloys), Inconel 
600, Martin “DB” (iron-chromium-aluminum 
alloys, also low creep strength) alloys, Alle- 
gheny Ludlum G-157, Nb—10 Mo—10 Ti(Du Pont 
D-31), AISI 310, Chromallized Hastelloy X, 
Inconel 702, and several experimental alloys 
being produced at Battelle.?'»” 

Investigations to improve the oxidation re- 
sistance of iron—25 to 27.5 wt.% chromium al- 
loys with aluminum, yttrium, and rare-earth 
additions were described by General Electric.” 
Aluminum additions in the range of 2 to 6 wt.% 
were most effective. Such alloys correspond 
closely to industrial alloys of the Kanthal or 
Smith No. 10 type. Minor cerium and gallium 
additions were observed to be detrimental 
to oxidation resistance. (Electrical-resistance 
wire alloys of the nickel-chromium type utilize 
cerium or misch metal to promote long life in 
cyclic service, rather than under steady-state 
conditions, such as studied in the General Elec- 
tric program.) Yttrium, lanthanum, dysprosium, 
gadolinium, and erbium additions had moder- 
ately beneficial effects on high-temperature oxi- 
dation resistance of the iron-chromium-base 
alloys. Internal oxidation effects were observed 
in alloys containing yttrium. (E. S. Bartlett) 
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Corrosion of Refractory and Reactive Metals 


Oxidation of tungsten has been the subject of 
investigations at The Ohio State University”‘ 
and Westinghouse.”* On the basis of an extensive 
study, The Ohio State University work reports 
the existence of three oxide phases: 

1. WO,, stable for short times at low tem- 
peratures. 

2. WygO4g Or W29Osg, blue oxide, characterized 
by rapid growth to about 10-y thickness under 
ordinary pressures. 

3. WO,, porous oxide, stable at all tempera- 
tures. 


Kinetically, tungsten exhibits parabolic oxidation 
behavior in the initial stages of oxidation, chang- 
ing to conform to the linear rate lawat an early 
stage of oxidation at elevatedtemperatures. Ac- 
tivation energies for the oxidation processes are 
35 kcal/gram atom during parabolic oxidation 
and 36.5 kcal/gram atom in the linear process. 
The Ohio State University workers concluded 
that diffusion of oxygen through the blue oxide 
layer is the rate-controlling mechanism and 
found that reduced pressures decrease the rate 
constants by increasing the blue-layer thick- 
ness. The maximum temperature investigated 
at The Ohio State University was 2000°F. West- 
inghouse workers found that, at low tempera- 
tures (less than about 950° F), the reaction was 
obviously diffusion controlled, but at higher 
temperatures (up to 2400°F), factors such as 
localized edge effects, oxide exfoliation, and 
the volatility of WO, complicated the interpreta- 
tion of weight-change observations. At tempera- 
tures above about 2000°F, rapid rates of weight 
loss were obtained because of the volatility of 
WO,. 

Ames Laboratory workers investigated the 
oxidation behavior of yttrium at temperatures”® 
from 850 to 1700°F. As noted qualitatively by 
Martin workers (reported ina previous Review), 
very rapid oxidation was observed at tempera- 
tures in excess ofabout 950° F. Attemperatures 
below 850°F, oxidation is slight. From 850 to 
1110°F, the oxidation process is defined by the 
x"=ki, where 1 <n<2 and the oxidation rate 
is neither linear nor parabolic. The scale 
formed at these temperatures is dense and 
adherent. At higher temperature no single 
constant-rate process occurred. Cracks de- 
velop in the scale at temperatures from about 
1110 to 1380°F, and, at still higher tempera- 
tures, the oxide is nonadherent and fluffy. At 


1470°F a reproducible phenomenon occurs, 
whereby high initial and final oxidation rates 
are separated by a period of relatively slow 
oxidation. A weight-change versus temperature 
curve plotted for 24-hr exposures showed a 
maximum weight gain in the region of 1250 F 
and a minimum at about 1450°F. Hardness 
measurements, coupled with oxygen determina- 
tions, indicated that yttrium contaminates in 
much the same manner as do the Groups IV-A 
and V-A metals. This is shown in Table V-2. 


Table V-2 OXYGEN CONTAMINATION AND SCALE 
THICKNESS OF YTTRIUM EXPOSED TO 
AIR”* FOR 24 HR 





Approximate 
oxygen content, Oxide 
Temp., °F ppm 


thickness, mils 





(Base) 
840 
930 

1026 
1110 
1200 
1290 
1380 
1470 
1560 


These data agree with the weight-change ob- 
servations, indicating less severe oxidation ef- 
fects in the region of 1350 to 1500°F than at 
somewhat lower or higher temperatures. No 
explanation of this effect has been offered. 

The effects of neutron-bombardment-induced 
transmutation of hafnium (used as control mate- 
rial) have been studied at Knolls*® in reviewing 
the life expectancy and service efficiency of 
control rods. Mechanical effects are insignifi- 
cant, but it appears that the lack of corrosion 
resistance imparted to hafnium by Ta’®’, a 
transmutation product, may be a severe limita- 
tion to the life of rods. In 680°F water and in 
750°F, 1500-psi steam, simulated alloys of 
hafnium—0.3 to 2.0 wt.% tantalum, with and 
without lutetium (another transmutation prod- 
uct), were found to corrode very rapidly at tan- 
talum contents of about 1 per cent or greater. 
Lutetium appeared to exert a slightly beneficial 
effect. The mock alloys studied were two- 
phased, a condition that probably would not exist 
in alloys resulting from irradiation transmuta- 
tion. The effects of metallurgical-phase rela- 
tions upon corrosion behavior may be of some 
significance. 
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A bibliographic survey (1) of oxidation inves- 
tigations of chromium, hafnium, molybdenum, 
niobium, tantalum, titanium, tungsten, vanadium, 
and zirconium (and several alloys of these met- 
als) and (2) of properties of the borides, car- 
bides, nitrides, and oxides of these metals has 
been compiled.”’ This should be of considerable 
value to persons working with these materials. 

(E. S. Bartlett) 


Corrosion of Silver-Indium-Cadmium Alloy 


The silver —15 wt.% indium —5 wt.% cadmium 
alloy is used as control-rod material in the 
Yankee reactor primary system. Poor corro- 
sion resistance of this alloy observed during 
operation led to a laboratory corrosion study”® 
of the material. Exposure conditions simulated 
those encountered during reactor operation: 
temperature = 600°F, pressure = 2000 psi, and 
0.92 per cent boric acid added to the primary 
water during startup and then bled off. The op- 
erating environments studied were lithiated and 
demineralized water. Corrosion was by inter- 
granular oxidation to a depth of 3 to4 mils after 
700 hr of exposure. Nickel plating ofthe silver- 
indium-cadmium alloy prevents intergranular 
corrosion of the base if the plating isnot defec- 
tive; however, in this study appreciable weight 
loss was noted in neutral water. Weight-change 
data are shown in Table V-3. 


Table V-3 WEIGHT CHANGES OF BARE AND 
NICKEL-PLATED SILVER—15 WT.% INDIUM—5 WT.% 
CADMIUM IN LITHIATED AND NEUTRAL WATER” 
AT 600°F, 2000 PSI 








Average weight change (after 
indicated time in hours), mg/dm? 





Environ- __ 
Surface ment 135 160 295 541 666 700 
Bare Lithiated +14 +49 + 207 
water 
Bare Neutral +7.5 +6.5 +21 +60 +69 
water 
Nickel- Lithiated -—13 
plated water 
Nickel- Neutral —180 


plated water 


The weight-gain data do not indicate the se- 
verity of the problem since fissure penetration 
is far greater than is indicated by these figures. 
The corrosion mechanism has been identified as 
an oxidation process. In reactor operation it is 
intended to maintain a finite amount of hydrogen 


in solution in the primary water to suppress 
radiolytic oxygen buildup, thereby minimizing 
the corrosion potential. 

During operation, some of the indium in the 
silver-indium-cadmium alloy is transmuted to 
tin. To determine the effect of this on the cor- 
rosion behavior of the silver —15 wt.% indium —5 
wt.% cadmium alloy, specimens of silver—15 
wt.% indium —5 wt.% cadmium —0.5 wt.% tin were 
also exposed to simulated operating environmen- 
tal conditions. After 700 hr of exposure, a weight 
gain of 29 mg/dm’ was noted. No intergranular 
corrosion was observed. (E. S. Bartlett) 


Corrosion by Liquid Metals 


Comprehensive study at Brookhaven and by 
Babcock and Wilcox workers has firmly estab- 
lished that, at 550°C, the peak temperature of 
interest to the Liquid Metal Fuel Reactor Ex- 
periment (LMFRE), small amounts of magne- 
sium and zirconium are effective inhibitors of 
corrosion by molten uranium-bismuth alloys. 
Loop systems fabricated of various ferritic 
steels can be operated for several thousand 
hours with negligible corrosion effects. The 
following characteristics for such systems, de- 
rived from pump-loop experiments designed to 
provide refined studies of behavior, have been 
established by Brookhaven:”® 

1. High-chromium steels (5 wt.% chromium — 
0.5 wt.% molybdenum and type 410 stainless 
steel) are more susceptible to corrosion than 
low-chromium steels (1.25 wt.% chromium —0.5 
wt.4 molybdenum and 2.25 wt.% chromium-—1_ 
wt.% molybdenum). Of the low-chromium steels, 
the 2.25 wt.% chromium—1 wt.% molybdenum is 
the more susceptible. 

2. Carbon-steel welds have not shown any 
corrosion. However, all welds in which type 
410 stainless steel is present (joined to 2.25 
wt.% chromium—1 wt.% molybdenum, 1.25 wt.% 
chromium—0.5 wt.% molybdenum, or type 410 
stainless steel) are susceptible to corrosion. 
No attack is exhibited by welds in 2.25 wt.% 
chromium —1 wt.% molybdenum. The sensitivity 
of welds to attack is increased indirect relation 
to surface roughness. 

3. Very low-carbon steels (0.10 wt.% or 
lower) seem to be more susceptible to corro- 
sion than the higher carbon steels. 

4. Uranium concentrations can be maintained 
constant in an EM pumping loop for over 10,000 
hr and in a mechanically pumped loop for over 
1300 hr of AT operation. 
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Similar uranium-bismuth-loop experiments” 
have been conducted by the Babcock and Wilcox 
Company. It was found that the heat-treatment 
of the steel probably has an important effect on 
corrosion. The effect was rather pronounced in 
the case of Croloy 2'/,, where material nor- 
malized and tempered at 975°F exhibited less 
corrosion than material in the fully annealed 
state or material normalized and tempered at 
1300°F. The comparison here involved a weight 
loss equivalent to about 0.03 mil/year, as con- 
trasted to a weight loss equivalent to approxi- 
mately 5 mils/year. 

An investigation to determine the suscepti- 
bility of beryllium samples to corrosion in a 
sodium -pumping-loop experiment was conducted 
at General Electric.*! The sodium was circu- 
lated at a temperature in the 900 to 1000°F 
range and was gettered by flow through a cal- 
cium bath. After slightly over 500 hr of expo- 
sure, the samples did not exhibit any evidence 
of erosion or materialloss. However, there was 
evidence of uniform surface nitriding, presuma- 
bly as a result of a nitrogenimpurity introduced 
by a method of gettering. This tendency for ni- 
triding is viewed as a potentially serious prob- 
lem in the direct exposure of beryilium to so- 
dium because ofthe basic difficulty in controlling 
the nitrogen contamination in a large-scale so- 
dium flow system. It is of interest to note that 
the beryllium samples self-welded strongly with 
each other even though the contact loads in- 
volved were low. 

An investigation at Oak Ridge*® was concerned 
with the compatibility of beryllium with 600, 700, 
and 800°C NaK. This was a brief materials 
evaluation for irradiation-capsule service and 
consisted essentially of the exposure of beryl- 
lium cylinders in sealed type 304 stainless-steel 
capsules. The cylinders were stepped so that 
liquid-metal-filled annuli of varying thicknesses 
(2 to 50 mils) existed between a cylinder and the 
adjacent inner capsule wall. After 500 hr at 
800°C, a beryllium cylinder lost the equivalent 
of 6.2 g/sq in. Analyses of drillings taken from 
the inner surfaces of the steel capsules indi- 
cated appreciable transfer of beryllium into 
those surfaces; this transfer was highest at 
regions of minimum annulus thickness. 

A report*® recently issued by Oak Ridge sum- 
marizes the results of exposures of various 
ceramics and cermets in static and tilting- 
furnace exposures involving 1500°F sodium, 
lithium, and lead. Figure 16 summarizes the 


data for various cermets. Figure 8 of the Feb- 
ruary 1959 issue of Reactor Core Materials pre- 
sents analogous information from the ceramic- 
materials research at Oak Ridge. 

Oak Ridge is also initiating experiments in- 
volving corrosion by boiling potassium. Type 
316 stainless-steel specimens were exposed in 
various zones (boiling, vapor phase, condensing, 
and liquid phase) of a thermal loop in which the 
potassium was boiling at 1550°F. After 200 hr 
there was no visible evidence of attack at either 
the specimen or loop-wall surfaces. Specimens 
exposed in the vapor region of the hot leg ex- 
hibited the greatest weight loss (3.5 mg/cm’) of 
any in the system. (J. H. Stang) 


Metal-Water Reactions 


A number of reports*~** covering work per- 
formed by the General Electric Vallecitos 
Atomic Laboratory have been received. These 
cover an extensive program concerned with 
metal-water reactions, primarily zirconium- 
water reactions. A large part of this effort has 
been theoretical and analytical in nature, al- 
though some experimental information is re- 
ported. 

Studies™ involving zirconium and Zircaloy-2, 
which were conducted at temperatures up to 
1700°C and water-vapor concentrations up to 
30,000 ppm in 1 atm of helium, led to the con- 
clusion that the rate of reaction is controlled by 
the transport of water vapor throughthe helium. 
Good agreement was obtained between experi- 
mental results and calculations employing mass- 
transfer considerations. In the case of zirco- 
nium and Zircaloy, under the conditions of these 
experiments, a surface of reactive metal was 
continuously exposed because of the rapid diffu- 
sion of oxygen into the metal, and no inhibiting 
film formation was observed. 

In another part of the program,” experiments 
established that an excursion in temperature 
occurred during initial reaction of zirconium 
with steam and that the amount of increase could 
be effectively determined by the radiation- 
pyrometry technique employed. It was found that 
a measurable temperature rise inthe solid might 
or might not occur, apparently depending on the 
rate of introduction of the steam. 

In an analytical program*® the various types of 
equations relating the extent of reaction between 
a metal and water vapor are reviewed and dis- 
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Figure 16—Trends of corrosion resistance of various cermets in sodium and lead® for 100 hr at 
1500°F. Note: Kentanium is a trade name used by Kennametal, Inc., Latrobe, Pa. Carboloy is a trade 


cussed. The origin of the most common relation 
employed, the so-called parabolic rate law, is 
shown to be the diffusion process through an 
oxide film on the surface. Such a lawcannot ap- 
ply to the initial stages of the reaction process 
before a coherent film has hadachance to form; 
and, for these conditions, it is postulated that 
the rate-determining process is the transport of 
H,O molecules through the vapor phase. Bothan 
exact formulation combining these two concepts 
and an empirical representation are presented. 

Two additional analyses*®:*’ have been re- 
ported by General Electric. The first of these 
is a study of the effect of a chemical reaction 
between steam and the fuel cladding inanuclear 
reactor during a severe loss-of-coolant accident 
and prior to melting of the cladding. It was con- 
cluded that the heat generated by the oxidation 
of the Zircaloy significantly increases the clad- 
ding temperature as soon as the temperature 
exceeds about 2000°F. This autocatalytic effect 





name used by the Carboloy Department of General Electric Company, Detroit 32, Mich. 


causes varying amounts of cladding oxidation 
prior to melting and a large variation of tem- 
perature between the hottest and coolest areas 
in the core. From the second analysis itis con- 
cluded that rapid, violent chemical reaction be- 
tween metals and water resulting from a tem- 
perature excursion in a nuclear reactor can take 
place only if the metal is molten. The droplet 
size that can be produced by a nuclear accident 
remains the outstanding question whose solution 
is required before the metal-water hazard can 
be adequately and objectively analyzed. The 
problem is a difficult one, and no simple ap- 
proach to its solution appears to be available. 
The experimental program at Argonne®® to 
determine rates of reaction of molten reactor 
fuel and cladding materials with water is con- 
tinuing. The principal laboratory-scale method 
involves the rapid melting and dispersion of 
metal wires in a water or steam environment 
by a surge current from a bank of condensers. 
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A second laboratory method involves the rapid 
contact of steam with a crucible containing 
molten metal. Current results show that solu- 
tions ¢.. .1ed by analog modeling and analysis 
agree -hose obtained experimentally. 
An excellent review of uranium-water reac- 
tions has been published by Hanford.*® 
(A. W. Lemmon, Jr.) 


Radiation Effects 
in Nonfuel Materials 


Basic Studies 


Corbett and Walker‘! have irradiated copper, 
silver, and gold at 10°K with 1.5-Mev electrons 
and measured the changes produced in the elec- 


trical resistivity. From these data they infer 


that the threshold energy for radiation damage 
is 22 ev for copper, 30 evfor silver, and =40 ev 
for gold. This indicates that the noble metals 
are not identical as regards radiation damage. 


Blewitt et al.“ have added further experi- 
mental evidence to their conclusions that the an- 
nealing kinetics of 30 to 50°K peaks in neutron- 
irradiated copper are difficult to interpret in 
terms of interstitial migration to vacant lattice 
sites. Their interpretations of stored-energy- 
release data would require about five pairs 
formed per primary displacement (theory sug- 
gests 120 pairs); also their deduced value of 
resistivity, 7 to 12 uohm-cm per at.% pairs, is 
much higher than the theoretical predictions of 
1.5 to 2.0 pohm-cm. 


Thompson and Paré* have studied the effects 
of fast-neutron bombardment at temperatures 
from 90 to 300°K on internal friction and Young’s 
modulus of a high-purity single copper crystal. 
The results are well described in terms of a 
simple theory of pinning of dislocations by 
radiation-induced defects which have migrated 
from their points of origin. The dislocation 
pinning rate at 100 to 140°K is about 2.5 per 
cent of that at room temperature because of the 
lowered mobility of the thermally sensitive 
processes. Upon warming to above 260 K, the 
modulus and decrement change quickly to their 
“saturation” values, i.e., where the dislocations 
are completely pinned by defects, presumably 
because defects “stored” during the low- 
temperature irradiation become thermally mo- 
bile and move to the dislocations. 


Damask and Dienes*‘ have answered an in- 
ference made by Wechsler and Kernohan*® con- 
cerning some of their early work. Damask and 
Dienes conclude from resistivity annealing, 
vacancy collapse, activation energies, and re- 
laxation times that the changes in resistivity 
(as they observed) in alpha brass are associ- 
ated with changes in short-range order. If the 
quenched-in vacancy mechanism of Wechsler 
and Kernohan were valid, they say, an appreci- 
able temperature dependence should be observed 
during the early stages of irradiation. They ob- 
served no temperature dependence over a wide 
temperature range. 

Wechsler and Kernohan** reply to the above 
comments by stating that their position is notto 
reject an ordering explanation but, on the basis 
of an analysis of other work and their own, to 
suggest the possibility of an alternative explana- 
tion. They state that experimental evidence is 
not sufficient at the present time toinfer that the 
decrease in resistivity upon irradiation is due 
primarily to either a reduction of the number of 
vacancies or changes in short-range order. 

The kinetics of vacancies introduced by tem- 
pering platinum wires are discussed by Bac- 
chella et al.‘’ The kinetics are of the first order 
for imperfection concentrations below 10~° or 
for tempering at low temperatures; they are 
more complex for higher concentrations or for 
tempering near the meltingtemperature. Inter- 
pretations on the basis of an activation energy 
of migration of 1.48 + 0.09 ev and of the forma- 
tion of divacancies or of more complicated im- 
perfections at low temperature, the energy of 
formation and migration of the divacancies, en- 
ergy of formation of vacancies, and the energy 
of self-diffusion in platinum are in agreement 
with the results of Kidson and Ross. 

Piercy“ has claimed that the principal defects 
remaining in platinum after neutron irradiation 
(1200 ev at 50°C) were single vacant lattice 
sites and after quenching (in water from 1600 C) 
were pairs of vacant lattice sites. After defor- 
mation in liquid nitrogen, the defects present 
were single vacant lattice sites and another type, 
perhaps interstitials. In all cases the activation 
energy for motion of the defect was determined 
from measurements of electrical resistivity. 
Density, hardness, and X-ray line broadening 
were measured where applicable. 

Thompson*® reports activation energies for 
the recovery of neutron-irradiated tungsten. 
Vacancy migration is reported above 400 C with 
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an activation energy of 1.7 ev. He advances the 
general suggestion that vacancies in all metals 
migrate at about 20 per cent of the absolute 
melting point (7m, °K) with an activation energy 
roughly 5x 10 7,, ev. Above —170°C, inter- 
stitials are released from traps associated with 
impurity atoms and dislocation lines (between 
0.25 and 1.7 ev); below —170°C, the free inter- 
stitial was observed to migrate. 


Kinchin and Thompson”™ irradiated molybde- 
num and tungsten with pile neutrons at 30 and 
—196°C. Processes have been observed with 
activation energies of 0.25 and 1.3 ev for molyb- 
denum and 0.5 and 1.7 ev for tungsten. A stored- 
energy release of 0.4 cal/gfrom 50to 250°C has 
also been observed in molybdenum irradiated 
with 1.3 x 10'* neutrons/cm’. 


A series of transition metals was irradiated 
near the temperature of liquid nitrogen in the 
heavy-water pile EL2 at Saclay.*'** Measure- 
ments of electrical resistance in situ were used 
to compare the changes in resistivity produced 
by a given number of atomic displacements. 


The change in thermal conductivity of super- 
conductors caused by radiation damage has been 
studied® in single crystals of niobium and vana- 


dium, irradiated at 30°C to 10"* fast neutrons/ 
cm’. Measurements were carried out at low 
temperatures in both superconducting and nor- 
mal states where conduction is due predomi- 
nantly to phonons and electrons, respectively. 
The observed effect on the phonon conductivity 
indicated an increase in dislocation density, 
presumably resulting from condensation of mo- 
bile interstitials to form either dislocation loops 
or jogs on existing networks. For niobium and 
vanadium, respectively, the increase calculated 
from the conductivity was 3 x 10° and 1 x 10"° 
dislocation lines per cm’, compared with an es- 
timated expected increase of 10°. The change in 
electron conduction was consistent with the ex- 
pected vacancy concentration of 10~* due to 
irradiation. 

An increase in the magnetic susceptibility, 
following neutron irradiation (up to 2.2 x 10'° 
nvt) at 80°C, of a series of copper-nickel alloys, 
ranging from 17.22 to 46.5 at.% nickel, and the 
decrease to their original values after annealing 
in the temperature range where self-diffusion is 
significant, were interpreted™ as radiation- 
enhanced diffusion of solid-solution alloys to- 
ward a true equilibrium with increased local 
segregation. 


A Russian paper” reported data on the effect 
of gamma irradiation on the magnetic properties 
of Fe,Al, nickel, and Ni,Mn, which showed 
changes in the galvanomagnetic effect and co- 
ercive force. The authors suggest that the 
former effect is associated with formation and 
relaxation of Frenkel-pair defects and the latter 
with formation of dislocation loops. 

Damask*® has been granted a patent onthe use 
of electron irradiation to increase the vacancy 
concentration of metals, alloys, and semicon- 
ductors and thereby to enhance diffusion mecha- 
nisms which might control physical properties 
of some materials, such as resistivity or hard- 
ness. 

Bally and Benes*’ have reported an interesting 
change in structure of the K-absorption dis- 
continuity of nickel due to neutron irradiation 
(>0.7 ev). 

Silcox and Hirsch® have observed dislocation 
loops in transmission electron micrographs of 
neutron-irradiated copper. Specimens irradi- 
ated to a dose of 6.7 x 10'' nyt at 35°C contain 
~3 x 10° defects per cm™, in the form of small 
regions of strain (average diameter, 75 A), 
some of which can be resolved as dislocation 
loops. At an integrated flux of 5.6 x 10'* and 
1.4 x 10°° nyt, respectively, the number of loops 
increases to 10'° to 10'! cm~, with average di- 
ameters of ~150 and ~300 A. Their stability 
and behavior on annealing are as expected for 
prismatic loops. These were considered to 
nucleate by collapse of disks of clustered va- 
cancies in the central region of a displacement 
spike and to grow by migration of vacancies or 
of vacancy clusters. Radiation hardening an- 
neals out at the same temperature at which the 
loops disappear by climb. 

Young and Noggle®® have observed slip lines 
and etch pits at dislocations on a copper crystal 
hardened by irradiation and deformed by bend- 
ing. They accounted for the slip lines and sub- 
sequent location of dislocations in terms of 
dislocation interactions. Such dislocation inter- 
action, as observed here, occurs only in hard- 
ened crystals. 

Thin evaporated films of aluminum supported 
on a copper grid have been irradiated to 4.4 x 
10'* and 5.2 x 10'* nvt (thermal) and examined 
in the electron microscope.” Electron- 
diffraction lines of copper were detected plus, 
in the first case, CuAl, and, in the second, an 
unidentified line, not belonging to CuAl,. The 
temperature during irradiation was believed to 
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be less than 60°C; however, irradiation spikes 
may have caused evaporation of copper onto the 
film. Another possibility is radiation-enhanced 
diffusion. A tentative mechanism is proposed 
whereby copper-vacancy pairs form and permit 
clustering of copper atoms, giving rise to the 
observed copper-diffraction lines after 8.4 x 
10"* nvt. Continued exposure causes aluminum 
diffusion into the copper clusters and precipita- 
tion of CuAl,. 

Ménch and Sander™ have observed copper 
films deposited at low temperatures. They re- 
port a stored-energy release of 216 cal/mole 
and a decrease in resistivity of 1.8 wohm-cm in 
the region 20 to 60°K, which they state is due 
to a crystallization of highly disordered mate- 
rial between the small crystallites formed dur- 
ing condensation of the film. The stored-energy 
ratio was 1.9 cal/(g)(uohm-cm) in the region 20 
to 60°K, which is in agreement with neutron- 
bombardment measurements. 

Teodorescu and Glodeanu™ irradiated thin 
films of nickel at about 10'* nvt at roughly 50°C. 
For irradiation under vacuum they observed an 
allotropic transformation from face-centered 
cubic (a = 3.52 A) to hexagonal close packed (a = 
2.62 A; c = 4.36 A). Irradiation in oxygen elimi- 
nated transformation. The magnetic properties 
disappeared on irradiation. 

Electron-microscope studies’® of high-purity 
aluminum foils irradiated to 4.4 x 10'* nyt indi- 
cated that twinning occurred at the highest ex- 
posure and that zigzag immobile dislocations 
were present. No dislocation loops were found. 

Thin films of carbon and ZrO, irradiated in 
close proximity to fissionable uranium and 
thorium atoms showed fission damage’® similar 
to that observed in thin films of UO, and ThO,, 
in the form of fission-fragment tracks several 
microns long by about 150 A wide. Amorphous 
films of ZrO, produced by sputtering and irradi- 
ated to 4.4 10'* nvt developed crystallinity, 
the electron-diffraction pattern deviating some- 
what from that of cubic ZrO,. 

Analysis™ of the variation in electricai con- 
ductance with isothermal annealing of germa- 
nium single crystals irradiated by gamma rays 
from Co” at —77°C yielded values of 0.765, 
0.741, and 1.250 ev, respectively, for the activa- 
tion energy of direct recombination of vacancy- 
interstitial pairs, diffusion of interstitials, and 
diffusion of vacancies. 

Microscopic evidence has been obtained,” in 
single-crystal germanium irradiated to an inte- 


grated fast-neutron flux up to 10"° nvt, of highly 
strained well-defined regions of structural dam- 
age which were interpreted as visual evidence 
of spike formation. 

Whapham and Makin®™ have developed a new 
theory for the dose dependence of the lattice- 
hardening component of irradiation hardening 
which predicts a saturation in hardening at in- 
creasingly high doses. It is expected that their 
formula will apply generally to crystalline 
solids which deform by slip. They have checked 
their theory in LiF with 1-Mev electron irradia- 
tion and state that the best available data for 
copper (highest dose so far tested is 10°° 
neutrons/cm’) is also consistent. Cracking in 
the LiF samples has also been observed and 
seems to be of the form suggested by Cottrell 
for alpha iron. 

Inghram and Smoluchowski™ subjected crys- 
tals of NaCl to about 5 x 10° r of Co” gamma 
radiation at 50°C. Ionic conductivity was meas- 
ured as a function of temperature with a 
vibrating-reed electrometer. The decrease in 
the range 65 to 80°C is presumed to be a direct 
measure of positive-ion vacancies and fits a 
consistent bimolecular process rate equation. 
This confirms the supposition that the change 
of conductivity reflects the clustering of the 
positive-ion vacancies with other imperfections 
at a rate controlled by the diffusion ofthese va- 
cancies. Above 100°C many of the clusters ap- 
pear to break up again with an accompanying in- 
crease of conductivity. The conducting vacancies 
appear to be localized in a rather small fraction 
of the total volume of the crystal. 

Results™ indicate that the low-temperature 
thermal resistance of LiF after irradiation with 
doses as low as 4.5 x 10'° neutrons/cm* was due 
largely to clusters of point defects. The thermal 
resistance passed through a maximum with in- 
creasing dose, probably associated with a de- 
crease in the lattice expansion. Similar results 
are obtained with gamma rays. 

In low-temperature annealing of the expansion 
due to X-ray irradiation-induced defects in LiF, 
Wiegand and Smoluchowski®® found that the ex- 
pansion cannot be caused only by an increased 
concentration of negative-ion vacancies. They 
concluded that halogen ion-interstitial pairs are 
generated by X-ray irradiation of LiF at 90K 
and that annealing at 130°K changes the inter- 
stitial configuration. 

From measurements ofthe physical expansion 
and F-center coloration of single crystals of 
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X-ray irradiated NaCl, Rabin” obtained esti- 
mates of the negative-ion-vacancy concentration 
in an undoped Harshaw crystal andina calcium- 
doped crystal to be 1 x 10'®/cm® and >6 x 10!"/ 
em’, respectively. The large concentration in 
the doped sample is not in accord with expecta- 
tions of charge compensation and the law of 
mass action. 


Arnold and Compton" have made observations 
of the 205-my absorption produced in 0.0636- 
cm-thick alpha Al,O, using fast electrons of 


various energies. They estimate threshold en- 
ergies by assuming that the absorption is pro- 
duced by defects caused by lattice displacement. 
They conclude that the data do not allow an un- 
equivocal attribution of the effects to either alu- 
minum or oxygen displacements. Estimates are 
also given for the oscillator strength corre- 
sponding to the two possibilities considered. 


The fission-fragment damage in neutron- 
irradiated Al,O, and ZrSiO, containing UO, dis- 
persant was indicated” by the disappearance of 
the grain boundaries and the peaks of the X-ray 
diffraction profile. Al,O, showed, at the same 
time, a 30 per cent increase in volume. It was 
suggested, as a result of calculations which in- 
dicated that only a small proportion of the atoms 
are displaced directly by the fission fragments 
through elastic or other processes, that the 
fragments act indirectly to distort the lattice 
anisotropically. The authors claim that cubic 
ceramic materials appear to be less susceptible 
to this type of damage. 


Void formation and helium-gas’ release have 
been studied™ in pure aluminum (<0.02 per cent 
lithium) irradiated with 10'* nvt thermal neu- 
trons to produce helium by (”,qa) reaction. An 
encapsulated specimen diffusion annealed 94 hr 
at 575°C showed, by mass-spectrometer analy- 
sis, that less than 3 per cent of the total helium 
content was released, corresponding to an ap- 
parent diffusivity of only 2.4 x 107° cm’/sec. 
Metallographic examination revealed bubble for- 
mation primarily at subgrain and grain bounda- 


ries, as suspected from the low diffusivity 
result. 


Compton and Arnold" discuss various proc- 
esses by which lattice atoms are displaced by 
incident fast electrons. In addition to consider- 
ing displacements due to the incident electrons, 
expressions are developed for the fraction of 
atoms displaced by fast-moving atoms and fast 


secondary electrons, both of which are generated 
initially by the incident electron. A discussion 
of thermal spikes is also given. 


Brown and Goedecke™ have calculated the 
caseade of displaced atoms in metals induced by 
high-energy radiation. A screened coulombic 
interaction was chosen for the determination of 
defect production, and the problem was treated 
stochastically on an IBM 650 for several differ- 
ent models. The models used were those of 
Kinchin and Pease, Seitz and Harrison, and 
Vineyard. The results indicate that the number 
of displacements produced by primaries of en- 
ergy well above the threshold is insensitive to 
the interaction potential between atoms, pro- 
vided a stochastic treatment is valid. The nature 
of the cascade, however, is dependent on the in- 
teraction, in that many more collisions take 
place for soft interactions with most secondaries 
produced with low energies. These conditions 
would be pertinent to the geometrical distribu- 
tion of displaced atoms and hence play a role in 
the annealing of radiation damage. 


A comprehensive review (170 pages, 693 ref- 
erences) on the mechanical properties of irra- 
diated solids has been presented by Levi."® After 
some general considerations on radiation dam- 
age, annealing, and experimental techniques, the 
various mechanical properties of metals and al- 
loys affected by radiation are discussed; special 
chapters are devoted to uranium and graphite. 
Work on ionic and covalent crystals and on 
glasses is also included. An appendix deals 
briefly with recent papers up to the beginning of 
1959. Twelve special tables summarize all the 
experimental results. 


A review of the radiation effects on the noble 
metals was presented in Geneva" in 1958. Stud- 
ies included the effects on the mechanical prop- 
erties due to neutron irradiation at liquid- 
helium temperatures. Sagel™ has reported a 
review paper on radiation-damage effects on 
material properties, and a review article onthe 
effects of reactor irradiation on ceramic mate- 


rials was given by Clarke."? Data on phase 
changes in irradiated ZrO, have been reported 
elsewhere® by Clarke. (C. M. Schwartz) 


Effects of Irradiation on Mechanical Properties 


The effect of annealing on radiation damage 
in Zircaloy-2 has been further investigated at 
Chalk River.*! Room-temperature tensile tests 
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were conducted after three different treat- 
ments: (1) 9.5 x 10'® fast neutrons/cm’ at 380°C, 
(2) 7.7 10'* fast neutrons/cm? at 280°C, and 
(3) 9.1 x 10'* fast neutrons/cm’ at 50°C. Speci- 
mens receiving the last two treatments were 
given isothermal and isochromal postirradiation 


anneals. The annealed and cold-worked speci- 
mens irradiated at 380°C exhibited only a small 
amount of radiation damage in contrast to the 
annealed samples irradiated at the lower tem- 
peratures. Results on the cold-worked material 
irradiated at 380°C indicated that the amount of 
thermal recovery of cold work which occurred 
during irradiation was virtually identical with 
that which occurred during a similar out-of- 
pile heat-treatment. Analysis of the postirra- 
diation annealing data for the 50 and 280°C 
irradiations revealed that in both cases the 
hardening annealed out inthe range 250 to 400°C, 
characterized by a single activation of approxi- 
mately 2 ev. 


General Electric” has performed tests on 
Haynes-25 alloy and Inconel X springs irradiated 
in the compressed condition in an in-pile high- 
temperature water loop. The loop was operated 
at 560 to 600°F, and the springs of both materi- 
als received integrated neutron fluxes of 5.9 
and 42 x 10'* fast neutrons/cm’. Postirradiation 
testing and examination revealed no serious 
deleterious effects resulting from these expo- 
sures. It was found that the spring constant in- 
creased 5 to 8 per cent and the free length de- 
creased 2 to 3 per cent after exposure. The 
effect of irradiation on the plastic flow curve 
was slight, as revealed by three-point bend 
tests on 0.160-in.-diameter rods irradiated with 
the springs. 


Hanford’® is studying the radiation-damage 
recovery for a number of metals, namely, cop- 
per, nickel, titanium, zirconium, iron, molybde- 
num, and type 347 stainless steel, by evaluating 
tensile properties, microhardness, electrical 
resistance, and X-ray diffraction spectra after 
irradiation. These metals were irradiated at up 
to 4.7 x 10'®, 1.0 x 10'*, and 1.5 x 10” neutrons/ 
cm’ in different reactors, andthe measurements 
are being made at Knolls and Hanford. Copper, 
iron, and titanium were given 1-hr annealing 
treatments at 25°C increments to 425°C; molyb- 
denum, zirconium, and nickel specimens were 
given similar treatments to 475°C. Both the 
hardness and electrical resistance of irradiated 
copper showed practically no change upon an- 


nealing at temperatures up to 150°C. However, 
pronounced drops in electrical resistance oc- 
curred between 25 and 150 °C, and hardness re- 
covery occurred at 200°C for titanium speci- 


mens. X-ray studies on irradiated titanium 
showed significant line broadening and some 
lattice-parameter change. Complete recovery 
of electrical resistance for zirconium irradiated 
at 1.5 10” fast neutrons/cm’ took place at 
about 475°C, whereas complete recovery for the 
specimen receiving the lowest exposure was ob- 
served at 400°C. Significant hardness recovery 
was observed above 450°C in zirconium irradi- 
ated to 4.7 10" fast neutrons/cm’. Between 
425 and 475°C, little change occurred in the 
electrical resistance of irradiated nickel and 
molybdenum. However, the hardness of molyb- 
denum irradiated at 1.5 x 10°° fast neutrons/cm’ 
decreased slightly at 450°C. The hardness of 
both irradiated and unirradiated molybdenum 
increased markedly between 200 and 375 C but 
showed little change between 375 and 450°C. 
Age hardening similar to that observed in irra- 
diated molybdenum above 200 C was observed 
in unirradiated material solution treated at 
1150°C and aged at 500°C for 4.8 to 24 hr. An 
unirradiated molybdenum specimen and speci- 
mens irradiated at 1x 10'' and 1x 10" fast 
neutrons/cm* were prestrained beyond the yield 
point, annealed for 4 hr at 350 C, and again 
plastically strained. Strain aging characterized 
by a return of the yield point was not observed 
in any of the specimens. However, a small in- 
crease in yield strength was observed after an- 
nealing. A specimen exposed to 5 10° fast 
neutrons/cm’ was brittle and exhibited a cleav- 
age type failure. 


For a given integrated flux, there is theoreti- 
cal evidence™ that test results obtained in a low- 
flux reactor will not necessarily be typical of 
those expected in high-flux environments. For 
a given metal and temperature, the rate of dam- 
age accumulation in a reactor is the difference 
between the rate of damage production and the 
rate of damage recovery. Wheninterstitials and 
vacancies are produced by neutron irradiation in 
a constant-flux spectrum and recovery occurs 
by interstitial-vacancy annihiliation, the result- 
ing expression indicates that, at integrated flux 
levels above about 10'° fast neutrons/cm’, there 
are about 10 times more displaced atomsat 10" 
neutrons/cm* than at 10" neutrons/cm’. 

(B. C. Allen) 
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Selected Mechanical Properties of 
Cladding and Structural Materials 


Zirconium Alloys 


Creep studies on Zircaloy-2 are being carried 
on concurrently at Battelle’? and Hanford.'®.'5 
These long-term tests at elevated temperatures 
have indicated that 15 per cent cold- worked ma- 
terial retains its cold-worked properties at 
300°C under stressed conditions. However, 45 
per cent cold-worked material tested at 400°C 
shows partial recrystallization after 4000 hr at 
a stress of 13,000 psi. The creep rate obtained 
under identical test conditions was higher for 
45 per cent cold-worked than for 25 per cent 
cold-worked Zircaloy-2. The higher creep rate 
is attributed to recrystallization. 

Chalk River workers have studied the stress- 
relaxation characteristics of Zircaloy-2. Mate- 
rial which had been annealed for 1 hr at 750°C 
and tested at 13,500 psi and 300°C was found to 
have relaxed to a stress of 11,300 psi in 300 hr 
and to 10,900 psi in 600 hr. Other studies made 
on Zircaloy-2 to determine the amount of re- 
covery of cold work occurring during creep have 
indicated that, at 300°C, recovery is no greater 
than that which occurs in the absence of stress. 

A comparison of the mechanical properties of 
Zircaloy-2 and Zircaloy-4 (zirconium—1.2 to 
1.7 wt.% tin—0.12 to 0.18 wt.% iron—0.05to0.15 
wt.% chromium) was made at Bettis.** Tensile 
properties at room temperature and at 500 and 
600°F were found to be the same. Duplicate 
creep teats made by the Canadians on annealed, 
13 per cent cold-worked, and 25 per cent cold- 
worked Zircaloy-2 at 550°F and 13,500 psi are 
in progress. Total creep strains after approxi- 
‘mately 16,000 hr are 0.216, 0.151, and 0.082, 
respectively. 

The tensile properties of two zirconium- 
base alloys, zirconium—2.5 wt.% niobium and 
zirconium—2.5 wt.% niobium-—1.5 wt.% tin, in 
the hot-rolled condition and in four cold- worked 
(10 to 30 per cent) conditions have been meas- 
ured by the Canadians* at room temperature and 
at 300°C. These alloys have tensile strengths 
which are greater than those of Zircaloy-2 at 
comparable temperatures. Cold working pro- 
duces a higher strength material. Greatest im- 





*W. R. Thomas, Zr Alloys for Water-Cooled Power 
Reactors, Report IAEA FE/20/I-1, May 1960. 


provement over Zircaloy-2 is exhibited by the 
zirconium —2.5 wt.% niobium —1.5 wt.%tin alloy. 


Stainless Steels 


Studies are continuing at Oak Ridge” to inves- 
tigate the creep of type 304 stainless steel in 
air, argon, oxygen, nitrogen, hydrogen, carbon 
monoxide, and carbon dioxide, respectively, at 
temperatures up to 1700°F. It has been noted 
that the creep rate is reduced in air and nitrogen 
because of the strengthening action of a nitride 
precipitate. Hydrogen affects the creep proper- 
ties adversely at 1700°F, but data obtained at 
1500°F are inconclusive. In tests at 1500 and 
1700°F in both CO and CO,, carburization oc- 
curs and causes a reduction in the rupture duc- 
tility. Tube burst tests on seamless 0.020-in.- 
wall type 304 stainless-steel capsules are also 
being made. The effects of differential pres- 
sure, temperature, and environment on time to 
rupture are being investigated. 

General Dynamics’ is investigating the effect 
of aging temperatures on room-temperature 
tensile properties of 430T stainless steel. An- 
nealed specimens and specimens aged at 600, 
1000, and 1200°F for 1000 hr had tensile 
strengths of 71,000 to 76,000 psi and elonga- 
tions of 21 to 24 per cent. Specimens aged at 
800 F exhibited tensile strengths of 104,000 to 
106,000 psi and elongations of 13 to 15 per cent. 

(F. R. Shober) 


Selected Metallurgical Aspects of 
Cladding and Structural Materials 


Aluminum 


Workers at the Savannah River Laboratory™ 
have determined the thermal conductivity of 
aluminum-lithium alloys, as shown in Fig. 17. 


Work being done on the effect of helium in 
aluminum at Chalk River* has demonstrated that 
grain growth and recrystallization are inhibited. 
This was demonstrated by irradiating aluminum 
in the cold- worked condition with alpha particles 
at ambient temperatures to a helium concentra- 
tion of approximately 0.5 cm’/cm? of aluminum. 
A postirradiation annealing treatment of 1 hr at 





*C. E. Ells, in Can. Mining Met. Bull., November 
1960. 
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Figure 17— Thermal conductivity of aluminum- 
lithium alloys.*® x, Savannah River, O, C.J. Smithells. 


500°C (or less) failed to recrystallize the mate- 
rial in the helium-containing layer. 
(J. A. DeMastry) 


Chromium 


Cooper at Cavendish Laboratory®® working 
with the chromium-aluminum system reports 
that a monoclinic theta phase in the chromium- 
aluminum system is isomorphous with alpha 
prime (vanadium-aluminum). The structure was 
refined, and the interatomic distances are 
discussed and compared with those in alpha 
prime (vanadium-aluminum) and with those in 
two ternary-alloy phases containing chromium 
and aluminum. (J. A. DeMastry) 
Zirconium 

Studies being carried out at Chalk River on 
zirconium-copper-molybdenum and zirconium- 
niobium alloys are reported. The zirconium — 
0.5 wt.% copper —0.5 wt.% molybdenum alloy was 
solution heat-treated in the beta phase at 950°C 
for 10 min followed by a rapid quench, reduced 
cold 15 per cent, and then vacuum annealed for 
1 hr and 500 hr at 750°C. After the 1-hr anneal, 
the structure remained unchanged from the as- 
received material, except that a precipitate 
originally present was more uniformly dis- 
tributed. After the 500-hr anneal, two phases 
were randomly distributed in the alpha- 
zirconium matrix. One of these had the appear- 
ance of an intermetallic compound and could be 
Zr,Cu or ZrMo,. In the zirconium—2.5 wt.% 
niobium alloy, heat-treatments within the tem- 
perature range of 650 to 800°C for periods up 
to 65 hr produced a structure consisting of 








equiaxed alpha grains mixed with Widmanstatten 
alpha grains and retained beta zirconium, which 
indicates that the limits of solubility of niobium 
in zirconium suggested by Ivanov and Grigoro- 
vich (A/CONF.15/P/2046) may be correct. 


In a zirconium—2.5 wt.% niobium alloy cold 
rolled 50 per cent and annealed at 700°C for 4 
hr, two phases were identified by X-ray diffrac- 
tion: a hexagonal phase with lattice parameters 
a= 3.231 A and c= 5.151 A and a body-centered 
cubic beta phase with a lattice parameter of 
3.560 A. After the alloy was cold rolled 50 per 
cent and annealed at 800°C for '/, hr, the same 
two phases were noted, but the ratio of the 
amount of cubic to the amount of hexagonal was 
reduced. The zirconium—2.5 wt.% niobium al- 
loy, heated 10 min at 1000°C (beta phase) and 
water quenched, showed only broad peaks due to 
a hexagonal alpha phase. (J. A. DeMastry) 


Diffusion Studies 


Diffusion in the uranium-zirconium and 
uranium-nickel systems has been investigated 
by Miiller in Germany.®’ Alloys of uranium — 13 
at.% zirconium were studied at 1065, 950, and 
679°C, and determinations were made of the dif- 
fusion coefficients as a function of concentration, 
the activation energy, and the Kirkendall effect. 
In the uranium-nickel system, a great number of 
intermetallic phases exist, and it was foundthat 
the nickel atoms diffuse three to six times as 
fast as the uranium atoms. It is proposed that 
all diffusion phenomena observed are based on 
the vacancy-diffusion mechanism. The Kirken- 
dall effect was also studied in uranium- 
zirconium in all regions by the French.” Inthis 
study, an inversion effect was observed in the 
direction of displacement, andthe interpretation 
of this phenomenon is discussed. In the pub- 
lished proceedings®® of a French conference on 
solid-state diffusion, studies of the diffusion of 
the systems of uranium with zirconium, tita- 
nium, aluminum, nickel, or oxygen are reported. 
A considerable portion of the information has 
been published elsewhere in the literature, but 
the reader interested in this field will find the 
studies discussed completely in these proceed- 
ings. 


Grain-boundary migration in aluminum bi- 
crystals has been investigated by the Germans.” 
The activation energy for the process was de- 
termined to be 23 kcal/mole for single-crystal 
aluminum wires and 44 kcal/mole for polycrys- 
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talline wires. In the article, models for lattice 
self-diffusion and grain-boundary self-diffusion 
are discussed, as well as dependence of migra- 
tion speeds of grain boundaries on the thickness 
of the specimen. 

Usually all equilibrium phases are formed in 
a diffusion couple of two metals, but the condi- 
tions where this may not occur are discussed in 
a very interesting paper by Baird.” The factors 
controlling the value of the growth constant for 
an intermetallic layer are discussed, including 
the effects of grain-boundary diffusion, oxide 
films, and pressure. 

Studies of the diffusion of niobium with chro- 
mium, iron, nickel, molybdenum, and several 
compositions of stainless steel are being made 
which utilize an electron-probe microanalyzer.” 
In this research at the Naval Research Labora- 
tory, the intermetallic phases in the diffusion 
zones have been found for each of the systems. 
All diffusion couples for the investigation were 
prepared at 1100°C. It was noted in the study 
that the couples of niobium-nickel often melted 
at this temperature, although the eutectic tem- 
perature is given as 1175°C in some of the 
literature. Niobium and molybdenum were mis- 
cible at all compositions, and the diffusion 
coefficient was found to range from 3 to8 x 107"! 
cm*/sec. This research is being continued. 

(D. C. Carmichael) 
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talline wires. In the article, models for lattice 
self-diffusion and grain-boundary self-diffusion 
are discussed, as well as dependence of migra- 
tion speeds of grain boundaries on the thickness 
of the specimen. 

Usually all equilibrium phases are formed in 
a diffusion couple of two metals, but the condi- 
tions where this may not occur are discussed in 
a very interesting paper by Baird.”' The factors 
controlling the value of the growth constant for 
an intermetallic layer are discussed, including 
the effects of grain-boundary diffusion, oxide 
films, and pressure. 

Studies of the diffusion of niobium with chro- 
mium, iron, nickel, molybdenum, and several 
compositions of stainless steel are being made 
which utilize an electron-probe microanalyzer.” 
In this research at the Naval Research Labora- 
tory, the intermetallic phases in the diffusion 
zones have been found for each of the systems. 
All diffusion couples for the investigation were 
prepared at 1100°C. It was noted in the study 
that the couples of niobium-nickel often melted 
at this temperature, although the eutectic tem- 
perature is given as 1175°C in some of the 
literature. Niobium and molybdenum were mis- 
cible at all compositions, and the diffusion 
coefficient was found to range from 3 to8 x 107"! 
cm’/sec. This research is being continued. 

(D. C. Carmichael) 
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Vi SPECIAL FABRICATION TECHNIQUES 





Melting, Casting, Heat-Treatment, 
and Hot Working 


Unalloyed uranium continues to be a material 
of topical interest because of difficulties ex- 
perienced in controlling its chemistry and 
fabrication. In efforts to improve the chemical 
and metal qualities of unalloyed uranium, Na- 
tional Lead Company of Ohio' has been studying 
the effects of furnace pressure during melting 
(350 mm, 30 mm, 3 mm, and 3 x 10° mm Hg 
absolute) on the final chemistry of the uranium 
ingots. Although only a limited number of in- 
gots have been analyzed, the data indicate that 
(1) at the higher furnace pressures the hydrogen, 
nitrogen, and oxygen contents of the ingot are 
higher and the carbon content is lower and (2) 
it may be practical to control ingot chemistry 
by controlling the furnace pressures. 

The casting of uranium tubes has also re- 
ceived attention. The method presently being 
studied is the horizontal centrifugal casting 
technique. Tubes with good surfaces have been 
obtained with Meehanite mold liners coated with 
flame-sprayed MgZrO,. The best tubes were 
obtained in molds rotating at 800 rpm ata metal 
pouring temperature of 2650°F. It was also 
noted that the large as-cast grain structure was 
successfully refined by beta heat-treatments. 

The importance of the grain size in subse- 
quent fabrication operations is pointed up by an 
inquiry currently in progress at Nuclear Met- 
als.? Numerous observations have been made 
which have led to the conclusion that large 
grain size or large grain “patches’’ cause 
rough core-cladding interfaces in a coextruded 
fuel element. This roughness ultimately re- 
quires the imposition of thicker claddings with 
the accompanying disadvantages in fuel-element 
operation. In efforts to define the required 
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thickness of fine-grained material sufficiently 
to overcome the formation of irregular core- 
cladding interfaces, composite uranium cores 
made up with fine-grained sleeves and large- 
grained centers were coextruded in copper. 
Rods with large-grained centers showed de- 
creasing interface roughness with increasing 
fine-grained uranium sleeve thickness. How- 
ever, the rods with the thickest sleeves did not 
have as smooth an interface as that obtained in 
reference rods with heavily alpha- worked cores. 
The effects of the coarse grains were evident 
even through a thickness of fine-grained ura- 
nium about five times the grain diameter of the 
core material. 

In reporting on the results of preliminary 
studies of vacuum-arc melting and extrusion of 
tungsten, Foyle et al. of NASA have found’ that: 


1. Sound 1',-in.-diameter ingots could be 
prepared by consumable-electrode vacuum-arc 
melting with direct current (electrode positive). 
The removal of as little as , in. from the as- 
cast surface removed all surface imperfections. 
Typically, a */,-in. swaged rod could be melted 
at a rate of 5 lb/min at 23 volts and 3400 amp 
in a pressure of less than 10 ». No significant 
impurity removal was noted, and this lack was 
attributed to the rapid melting rate. 

2. Low-velocity extrusion (94 in./min) could 
be successfully employed at reduction ratios 
up to 8:1 at 3100°F if the tungsten was clad in 
niobium and lubricated. Attempts to extrude 
unclad tungsten at a reduction ratio of 6:1 and 
at temperatures up to 3600°F were unsuccess- 


ful, even at an extrusion pressure of 150,000 
psi. 


3. High-velocity-extrusion (150,000 in./min) 
attempts were successful with unclad tungsten 
at temperatures of 3000 to 3800°F with reduc- 
tion ratios of 45:1. 
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4. No recrystallization occurred in material 
extruded by the low-velocity process (most 
severe conditions: 3200°F; reduction ratio 8: 1). 
However, complete recrystallization was ob- 
served in material extruded by the high-velocity 
press at 3800°F and a reduction ratio of 45:1. 
Less complete recrystallization was observed 
in materials extruded at high velocity and at 
lower temperatures and reduction ratios. 

5. There were only slight differences in the 
ultimate tensile strength at 1000°F (approxi- 
mately 70,000 psi) of tungsten produced by 
vacuum-arc casting and low-velocity extrusion, 
sintering and low-velocity extrusion, and sinter- 
ing and swaging (commercial rod stock). How- 
ever, high-velocity extruded tungsten was softer 
and much lower in tensile strength at 1000°F. 

6. At 4000°F a sample of low-velocity ex- 
truded, arc-cast tungsten was more ductile 
than sintered and swaged commercial bar stock. 
Only a slight loss in strength was noted. 

(E. L. Foster) 


Cladding 


Cladding by Rolling and Swaging 


Concentrated interest in the fabrication of rod 
and tubular elements containing UO, by swaging 
is evident in many recent reports. Efforts to 
produce a more economical fuel element by 
simultaneous densification and cladding of vari- 
ous types of UO, have yielded significant tech- 
nical contributions to the art of fabrication of 
fuel elements by swaging. 

Cladding by roll bonding is presently being 
employed to fabricate advanced fuel systems 
containing dispersed fuel and distributed poison 
particles. Initial studies on self-bonding of 
tungsten by roll cladding appear promising. 

The effect of the design of swaging hammers 

on core density of Zircaloy-2-clad UO, fuel 
' elements is being studied at Savannah River.‘ 
Experiments have shown that swaged oxide 
densities are about 2 per cent lower for ele- 
ments prepared with “bump’’ type hammers 
rather than with “crown” typehammers. Crown 
type hammers are being installed for produc- 
tion of tubular fuel elements. It is thought that 
the 2 per cent lower densities achieved with the 
bump type hammer resulted from the briefer 
impact produced by this type of hammer. The 
forging blow of tne crown hammer dwells on 
the work about 60 per cent longer per stroke. 


Specifications for the preparation of Zircaloy- 
clad UO, by swaging for the 19-rod-cluster fuel 
element of the Plutonium Recycle Test Reactor 
have been developed at Hanford.’ The specifi- 
cations developed include detail dimensions, 
materials, fabrication steps, acceptance cri- 
teria, and final assembly steps. The elements 
produced contained UO, of 85 per cent of the 
theoretical density or greater. The rod ele- 
ments were approximately 0.565 in. indiameter 
and 90 in. in length after swaging. Reductions 
of approximately 15 per cent per pass were 
employed to achieve the desired outside di- 
ameter. 


Reduction of Zircaloy tubing by drawing is 
also being investigated. The biggest obstacle 
to be solved in drawing Zircaloy-2-clad ura- 
nium rod elements is the proper lubrication of 
the hardened steel drawing dies. Copper, plastic 
films, and solid lubricants are being studied as 
drawing lubricants for the Zircaloy-2-clad ele- 
ments. 


Stainless-steel-clad UO, specimens are being 
fabricated by swaging for in-pile tests at 
Savannah River.® The test specimens consist 
of tubes containing fused oxide loaded into an 
annulus between concentric stainless-steel 
sheaths. The tubes were loaded with oxide by 
tapping the tube walls to achieve an initial den- 
sity of 66 per cent. Tubular elements pro- 
duced in this manner exhibited excellent sheath 
surfaces after the swaging operation. 


Aluminum-coated fuel-bearing Fiberglas as 
a core material is being roll clad with alu- 
minum’ by the Clevite Corporation. During roll 
cladding, a ripple effect of the fuel-bearing 
Fiberglas core was observed during the initial 
studies. This ripple effect is concentrated along 
the core edges. The Fiberglas core inserts 
are machined to fit the aluminum frames. This 
eliminates the edge cracking of the core insert 
observed during the preliminary roll-cladding 
studies. 


Roll-cladding temperatures of 850, 1000, 
1100, and 1150°F were studied. The best re- 
sults were achieved by rolling at temperatures 
of 1000 to 1100°F. Total reduction ratios of 
4:1, 6:1, and 8:1 with various reductions per 
pass were used to determine the effect of the 
roll schedule on rippling of the core and the 
properties of the resultant fuel plates. 

(E. S. Hodge) 
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Pressure Bonding 


The term pressure bonding refers to a proc- 
ess that involves the use of gas pressure at an 
elevated temperature. In essence, it is a hot- 
press process that is being utilized for the 
bonding and joining of reactor components and 
for the densification of ceramic, cermet, and 
dispersion fuels. 

Solid-phase bonding of niobium and molyb- 
denum has been achieved at Battelle*"* by use 
of a gas-pressure-bonding technique. The study 
involved the development of a fabrication proc- 
ess for preparing flat-plate, rod, and tubular 
fuel elements and assemblies. Bonding is 
achieved at temperatures ranging from 2100 
to 2350°F. The most serious problem is as- 
sociated with the development of compatible 
materials that can be utilized as spacers during 
the bonding operation. Graphite-coated molyb- 
denum and Ti-Namel, MgO, molybdenum, UO,, 
Vycor, and window glass have been evaluated. 
Of these materials, UO, was found to be least 
reactive. 

The simultaneous densification and cladding 
of UO, fuel by the use of the gas-pressure- 
bonding process is being investigated by Syl- 
vania-Corning':'® and Battelle.*-'? Sylvania has 
pressure bonded various grades of UO, in the 
temperature range from 2200 to 2375°F. The 
optimum density, on the order of 92 to 99 per 
cent of the theoretical, was achieved with a 
mixture consisting of 75 per cent coarse fused 
UO, and 25 per cent ceramic-grade UO,. The 
work at Battelle was concerned with the evalua- 


tion of seven commercial grades of UO,. By 


utilization of an ideal rhombohedral packing, 
cold-pressed compacts with densities up to 
85 per cent of the theoretical were produced. 
Optimum densities were also obtained with a 
mixture of fused and ceramic grades of UO). 
Helium-permeability tests were conducted on 
pressure-bonded UO, of 95.8 per cent of the 
theoretical density. The helium flow rate through 
1 cm of UO, with a 1-mm pressure differential 
was less than 107'® cm’/sec, the lowest that 
could be measured with the technique used. 


A Zircaloy-clad flat-plate compartmented 
UO, fuel plate has been designed by Bettis for 
the PWR Core 2. Both Battelle and Bettis are 
actively engaged in the development of the gas- 
pressure-bonding process for the fabrication of 
these fuel plates. The work conducted by Bat- 
telle’® is summarized in a recent topical report. 


Specimens of up to 40 in. in length with 330 
individual UO, fuel compartments have been 
successfully bonded. Bonding was achieved at 
1550°F at 10,000 psi. The individual UO, cores 
were coated with 25 to 40 wof chromium by 
vapor deposition or 15 to 40 pof pyrolytic 
carbon to prevent reaction with the Zircaloy. 
Bettis has been conducting a study concerned 
with an evaluation of the effect of surface treat- 
ment of the Zircaloy on subsequent bond char- 
acteristics.'’'* Bettis demonstrated that (1) 
surface roughness has a pronounced effect — 
excellent bonds are achieved with very rough 
surfaces, 190yin., rms; (2) a metallographic 
surface finish produces poor bonds; (3) vacuum 
treatment for 4 hr at 1550°F has an adverse 
effect; (4) argon-ion bombardment inhibits grain 
growth at the bond interface; and (5) a fine 
zirconium oxide film improves bonds of speci- 
mens that possess an inherently poor bond. 

Cermet fuel materials consisting of 80 vol.% 
UO, in matrices of molybdenum, stainless steel, 
niobium, and chromium have been densified and 
clad by the pressure-bonding process.*'? The 
fuels embodying stainless-steel are densified 
and clad at 2100°F. The refractory cermets 
have been bonded in the temperature range of 
2250 to 2350°F with a pressure of 10,000 psi. 
Densities up to 95 per cent of the theoretical 
density have been achieved. 


Cladding of uranium with Zircaloy by the 
pressure-bonding technique is being explored 
by Hanford and Du Pont. Hanford'® is evaluating 
Zircaloy-clad cast uranium tubes bonded by 
Battelle at 1550°F and 10,000 psi for 4 hr. The 
fabrication of aluminum-clad uranium tubular 
fuel elements is being investigated by Du Pont.”° 
The process has been optimized, and several 
process steps have been eliminated to make it 
economically feasible. (S. J. Paprocki) 


Diffusion Bonding 


A survey of the field of diffusion bonding has 
been made by the Defense Metals Information 
Center.”! Diffusion bonding with and without 
the use of intermediate materials is discussed. 
The various techniques that have been used are 
described, and their applications to specific 
materials are discussed in some detail. The 
report is complete and of considerable general 
interest. 

The diffusion welding of uranium and zirco- 
nium is discussed in an Italian publication.” 

















The experimental method used to find more 
suitable conditions for a good diffusional bond- 
ing of uranium and Zircaloy-2 and the results 
obtained are described. An interpretation of 
the observed phenomena is also proposed. 

(D. C. Carmichael) 


Coextrusion 


Four variations of the coextrusion process 
were tried by Nuclear Metals** in an effort to 
develop the most feasible method for fabricating 
relatively heavy-walled Zircaloy-clad uranium 
I and E fuel elements with a small inner di- 
ameter. The tube specifications were 1.471 + 
0.003 in. in outside diameter and 0.400 + 0.003 
in. in inside diameter, with a 9-ft minimum and 
an 18-ft maximum length and a cladding thick- 
ness of 0.020 + 0.002 in. A minimum extrusion 
area reduction of approximately 15:1 was 
selected to obtain good bonds between the Zir- 
caloy and uranium. The four methods investi- 
gated included (1) the conventional floating 
mandrel, (2) the oversize mandrel, (3) the 
stationary tipped mandrel, and (4) the filled 
billet. The best tubes were produced by co- 
extruding directly to size over a conventional 
floating mandrel. 

Studies have been conducted which were 
aimed at establishing methods and techniques 
for achieving coextrusions of the following: 
stainless-steel-clad uranium, magnesium-clad 
uranium, stainless-steel-clad UO,, molybde- 
num-clad UO,, beryllium-clad uranium, and 
beryllium-clad uranium having small alloy ad- 
ditions. 

Promising samples of two potential types of 
metal-clad UO, rods have been produced by 
Nuclear Metals.’' These consist of a stainless- 
steel-clad UO, element which has an inverven- 
ing layer of graphite about 15 mils thick and a 
tantalum-clad UO, element. UO, densities of 
10.4 g/cm’ with oxygen-uranium ratios of less 
than 2.10 have been obtained; however, the sur- 
face smoothness and interface roughness were 
not as good as those obtained in the usual 
metal-over-metal coextrusion. A sufficient 
number of these two types of elements has been 
produced to demonstrate technical feasibility. 

(C. B. Boyer) 


Extrusion Cladding 


A summary report of work relating to the 
extrusion cladding of long uranium plates with 
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aluminum indicates that an extrusion speed of 
16 in./min will produce a well-bonded element 
of precise dimensions.”* The quality of the 
bonded end seal, which was APM aluminum, 
was sufficiently high to obviate any need for 
subsequent welding. As expected, the bond qual- 
ity depended upon the core preheat temperature 
and the extrusion speed. As extrusion speeds 
were increased above 16 in./min, for example, 
the time allowed for the core to absorb heat 
from the tools and the preheat station became 
insufficient to assure good bonding. Thus, at 
about 30 in./min, only sporadic bonding oc- 
curred, and, at 40 in./min, no bonding was ob- 
served. On the other hand, a reproducible bond 
averaging 15,000 psi tensile strength was 
achieved at an extrusion speed of 16 in./min 
and a core preheat temperature of 250 to 
300°C. (H. J. Wagner) 


Canning 


Studies at Argonne”® show that flat, natural- 
uranium plates mechanically canned with alu- 
minum sheaths reveal a tendency for thermal 
contact between cladding and core to diminish 
as a result of elongation and roughening of the 
uranium upon irradiation. The assemblies con- 
taining beta-quenched uranium showed less 
damage than those in which material rolled in 
the high alpha range was used. 

A patent has been issued*® which pertains to 
a jacketed uranium slug and the process of 
producing it. In the process, uranium is cast 
into a molybdenum jacket lined with a bonding 
layer of nickel. 

A fuel element that was developed at the 
International School of Nuclear Science and 
Engineering*®' consists of a core composed of a 
dispersion of U,0O, and aluminum powders clad 
with aluminum. The core powders are mixed 
and pressed at 25 tsi to form a compact, which 
is held in the center of a mold by locating pins, 
and a molten aluminum alloy is poured around 
it to form the cladding. The cast-clad billet is 
then hot rolled to a specified thickness and 
trimmed to size. The fuel element and the 
techniques used to produce it offer complete 
containment of fuel material during fabrication 
with no inherent losses. Also, the cast-cladding 
technique.for canning involves a minimum loss 
of cladding material. 


Studies at Oak Ridge have been concerned 
with thg replacement of helium by a low- 
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melting-point metal in the annulus between fuel 
and cladding in elements of the type specified 
for Cores 1 and 2 of the N.S. Savannah reactor. 
This approach offers a means of minimizing 
peak fuel centerline temperatures. Current in- 
vestigations indicate the feasibility of using 
lead because of (1) its good compatibility with 
UO, and type 304 stainless steel and (2) its 
availability. Several methods of filling the an- 
nulus between the fuel and cladding with lead 
were investigated. To date, only one method 
has produced lead bonds of consistent quality. 
This method involves immersing loaded tubes 
in a bath of molten lead. 

Argonne® has succeeded in encapsulating in 
tight-fitting type 304 stainless-steel cans about 
27 kg of alpha-stabilized plutonium in the form 
of thin, flat, nickel-coated slugs. Nickel was 
used as a coating for these slugs to protect 
them against oxidation and to permit their being 
loaded into the cans outside a glove box. The 
canned slugs are to be used in the ZPR-III 
core. (E. G. Smith, Jr.) 


Nonelectrolytic Chemical-Plating Techniques 


The surfacing of metals for high-tempera- 
ture-process applications by flame plating, 
diffusion coating, hot dipping, metallizing, hard 
surfacing, and cladding is discussed in a recent 
review.*4 


During studies of the heat-treatment of elec- 
troless nickel coatings, Oak Ridge workers*® 
found that no microstructural changes occurred 
below 750°F in coatings of chemically deposited 
nickel and phosphorus (7 to 10.5 per cent). 
Above 750°F, precipitation and agglomeration 
were detected. A maximum hardness (1000 
DPH) was found to be independent of phosphorus 
content and occurred during the formation of 
an interim lattice from the amorphous structure 
of the as-deposited plate. 

At the U.S. Naval Research Laboratory,*® 
oxidation resistance was imparted to samples 
of niobium by dipping them in liquid zinc. Tests 
conducted on a sample with an intentional flaw, 
produced after coating, revealed a moderate 
hardness increase near the flaw. No indication 
of Oxygen absorption or other embrittlement 
after 5 hr at 2000°F was observed in the coated 
metal. , 

A method of coating plates of sintered UO, 
with beryllium by sandwiching the plate of UO, 
between layers of beryllium powder in a steel 


can has been developed by the British.*’ The 
assembly is placed in a die, heated to 1100°C, 
and pressed to 2000 psi. 

Atomics International®® has presented a use- 
ful summary of the literature on vapor-phase 
plating as applied to the coating of reactor fuel 
materials. 

The successful coating of UO, spheres with 
various metals is described by Nuclear Ma- 
terials and Equipment Corporation (NUMEC).*® 
Chemical immersion followed by electroplating 
was used to deposit nickel coatings. Chromium 
coatings were applied by vacuum evaporation, 
electroplating, and halide-vapor reduction. Cop- 
per was applied by chemical immersion and 
electroplating. Niobium, molybdenum, and tung- 
sten coatings were obtained by hydrogen reduc- 
tion of the chlorides on particles agitated in 
the vapor stream by rotation and vibration of 
the container. Uranium-metal spheres were 
too reactive to coat by methods that could be 
used for the UO, spheres. Therefore, protec- 
tive barriers of copper and nickel were applied 
by electroplating prior to the use of the other 
methods. The interesting possibility was sug- 
gested of forming a fuel-matrix composite by 
(1) coating the agitated powder and (2) infiltrat- 
ing the pores with coating material by continuing 
the reaction in a static bed of the powder. 

A subsequent report*® gives further details 
on the equipment used to coat —100 +140-mesh 
UO, with niobium in 100- and 300-g lots at 
rates of 1 and 0.4 u/hr, respectively. Prelimi- 
nary experiments on the coating of UO, with 
chromium showed that an undercoat of niobium 
or nickel was necessary to develop a continuous 
coating by hydrogen reduction of the chloride. 
Coatings on bare UO, were discontinuous. 

In work at Battelle on the coating of nuclear 
fuel particles by vapor-deposition techniques, 
the most significant development has been the 
outstanding fission-product retention of alumina 
coatings on UO,."*'*-4! About 500,000 enriched 
UO, particles, coated with 40 » of alpha alumina 
by hydrolysis of Al,Cl, vapor at 1000°C, have 
been incorporated into a graphite sphere of the 
type contemplated for the Pebble-Bed Reactor. 
This fuel element is being operated in the 
Battelle Research Reactor at a power output of 
1.5 kw and a surface temperature of 1360 to 
1500°F. Radiation monitoring of helium, swept 
through the capsule containing the specimen, 
indicated that only 107" to 107° of the volatile 


- fission products generated were being released. 
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At the end of 64 days, the element had reached 
a burnup of 2.5 per cent. 

The deposition of carbon coatings on UC, and 
ThC,-UC, powders was continued at Battelle. 
Kinetic data for the formation of pyrolytic car- 
bon from acetylene were obtained.'* An activa- 
tion energy of 50 kcal/mole was determined, 
compared with 90 kcal/mole previously meas- 
ured for the thermal decomposition of methane. 
As the result of the much more rapid reaction 
with acetylene, it is possible to coat 100- to 
150-y particles with pyrolytic carbon at a rate 
of 20u/hr at 1400°C. Owing to the large dif- 
ference in the coefficients of expansion of 
pyrolytic carbon and UC,, the coatings tend to 
crack when heated to temperatures above the 
preparation temperature. 

The fluidized-bed coating of UO, powder with 
niobium by hydrogen reduction of the chloride 
vapor is described in detail.‘ More limited 
information is given on coating with molyb- 
denum, tungsten, niobium, pyrolytic carbon, 
tantalum, niobium carbide, and niobium-vana- 
dium alloys. (J. M. Blocher, Jr.) 


Electroplating 


Hanford workers observed* that cathodic 
evolution of hydrogen on nickel-plated fuel ele- 
ments caused blistering similar to that observed 
by in-reactor irradiation. The tendency to 
blister was increased by thermal cycling, but 
the cause of in-reactor blistering is attributed 
to atomic hydrogen formed by corrosion or 
radiation-induced decomposition of water. 
Blistering of nickel was found“ to be most 
severe when the water had a pH of 7, much less 
at pH 10, and completely absent at pH 4. 

Beach and Gurklis*® have summarized some 
of the best procedures for electroplating various 
metals onto the refractory metals. Refractory 
metals covered are vanadium, niobium, tanta- 
lum, tungsten, titanium, molybdenum, and cer- 
tain alloys of these metals. Procedures for 
preparation for plating, as well as the plating 
procedures and postplating treatments, are 
itemized and discussed. 

Huddle and Gibson‘** have patented a method 
for coating uranium or its alloys. The uranium 
is heated with a metal or oxide powder mixed 
with halide or oxyhalide. In one example, ura- 
nium was cleaned and dried and immersed in 
a powdered mixture of beryllium and 25 wt.% 
BeCl, and heated to 500°C for 4 hr. 

(J. McCallum) 


Ceramic Coatings 


Uranium dioxide particles, clad with 20 and 
50 » of Al,O,; and dispersed in graphite, were 
heated at 2500°F in helium for periods up to 
1000 hr at Battelle."?’'® Progressive reaction 
between the graphite and the Al,O, after 500 hr 
was observed. The 50-y cladding protected the 
fuel better than the 20-u cladding. 

A laminated ceramic coating for metal parts 
has been developed by Knolls.‘’ Parts to be 
coated were cleaned, vapor blasted, and then 
exposed to TiCl, vapor. The TiCl, formed a 
TiO, layer about 1 yu thick on the surface of the 
part. A coating consisting of 40 per cent Al,O,, 
20 per cent deionized H,O, and 40 per cent 
sodium silicate (water glass) diluted with 50 per 
cent water was then applied by air-brush 
spraying. Alternate layers were applied to a 
total thickness of 10 to 15 uw. The coating is 
said to be electrically insulating, mechanically 
strong, and heat resistant. 

Hot-pressed composite bodies of ZrSiO, and 
ZrB, have been prepared which have excellent 
thermal-shock resistance and oxidation resist- 
ance up to 3180°F, according to Carborundum 
Company.“* ZrB, with either Zr,Si, or MoSi, 
have excellent oxidation resistance upto3540 F. 

(B. W. King) 


Explosive Forming 


The principles of explosive forming and dis- 
cussions of applications are presented in arti- 
cles by Williams‘® and Peckner.*® The char- 
acteristics of low and high explosives, the 
impulsive load, and critical stress and velocity 
are discussed. The low or deflagrating ex- 
plosives (e.g., smokeless powder and black 
powder) are characterized by burning rates of 
up to hundreds of feet per second and pressures 
of from 10,000 to 300,000 psi. both of which are 
dependent on the degree of confinement. High 
or detonating explosives (e.g., TNT, dynamite, 
PETN, and RDX) are characterized by a reac- 
tion zone that travels through the explosive at 
velocities of several thousand feet per second. 
Most high explosives release their energy at a 
constant rate because of the high speed of reac- 
tion, and therefore they will produce a shock 
front with a pressure of several million pounds 
per square inch regardless of the confinement. 
A characteristic of the impulsive load produced 
by explosive forming is a rapid increase and 
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decrease of the pressure pulse. This pulse is 
in the microsecond range for high explosives 
and in the millisecond range for lowexplosives, 
but the total energy released is the same in 
both cases. Figure 18 is a schematic illustra- 
tion of a typical time-pressure profile for both 
a low and a high explosive. 
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Figure 18— Typical time-pressure profiles for low 
and high explosives."® (Reprinted by permission from 
the Journal of Metals.) 


It is possible to vary the pressure pulse 
generated by the detonation of a high explosive 
from the abrupt intense pulse to the broader, 
less intense pulse characteristic of a low ex- 
plosive. This is accomplished by changing one 
or more of the following variables: type of 
charge, charge weight, geometry of charge, 
standoff distance, or transfer medium. By 
proper control of these parameters, a wide 
variety of shapes and strengths of pressure 
pulse can be obtained. The critical normal 
fracture stress (that stress required to rupture 
a specific material) and the critical velocity 

(that velocity at which permanent deformation 
will occur on the impacted surface) are of 
primary concern in explosive forming since 
these values must be taken into consideration 
before choosing the explosive parameters to 
be employed for a particular forming operation. 

Water has been found to be an efficient trans- 
fer medium in the use of high explosives. It is 
approximately 30 per cent more efficient than 


air, it serves to muffle the noise resulting from 
the detonation, and it minimizes damage to the 
surface of the workpiece by particles emanating 
from the explosion. When the amount of de- 
formation required is great or the dimensional 
tolerances are critical, evacuation of the space 
between the workpiece and die is necessary. 

Different materials have been formed ranging 
from copper®! to the refractory metals.” The 
effects of explosive forming on the mechanical 
properties of several of these materials have 
been examined. It was found that the increases 
in hardness, strength, and fatigue limits; the 
thinning profiles; and the grain deformations 
obtained were commensurate with the effects 
resulting from conventional cold-working tech- 
niques. 

A metal-gathering technique for forming 
sharp-angle, conical shapes has been developed 
at the Canadian Armament Research and De- 
velopment Establishment.*' Figure 19 shows 
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Figure 19—Explosive forming setup for conventional 
and modified deep-drawing operation.®' (a) Conven- 
tional method and (b) modified method. 


the conventional and new modified setups for 
explosive deep drawing. A major disadvantage 
of the conventional process was that, under 
explosive pressure, the friction between the 
workpiece and the die prevented the workpiece 
from flowing into the die. In the modified tech- 
nique, however, this source of friction was 
greatly reduced because of the thickening of 
the workpiece as it accelerated at a high ve- 
locity toward the bottom of the die. Hardness 
and thickness measurements were taken on the 
shapes formed by this method to determine the 
mechanics of the forming operation. Results 
revealed that the forming of the shape was ac- 
complished by two different mechanisms, metal 
gathering and deep drawing. 
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A study concerning the explosive welding of 
similar and dissimilar materials is presently 
being conducted by National Northern.*? During 
the course of this study, attempts will be made 
to weld explosively such materials as molyb- 
denum, beryllium, B-120VCA titanium, tita- 
nium—6 wt.% aluminum—4 wt.% vanadium, and 
4340 stainless steel. To date, only tests in- 
volving the explosive welding of 4340 stainless 
steel to itself have been conducted. The data 
obtained from these tests indicate that, for this 
material, the more brisani explosives will bond 
more area, a uniform surface roughness will 
provide better bonding, and certain ratios of 
explosive weight to standoff distance will pro- 
duce bonding. 

Attempts have been made to prepare '/-in.- 
diameter by 12-in.-long stainless-steel and 
Zircaloy-2-clad UO, core fuel rods by explosive 
compaction.** Good results were obtained in 
compacting specimens clad with 0.022-in.-thick 
mild-steel tubing. Densities of 93 per cent of 
the theoretical density, measured over a 7-in. 
rod, were realized with diametral variations of 
only +0.003 in. However, it was not possible to 
duplicate these results with 0.015-in. Zircaloy- 
2 tubing or with 0.010-in. types 321 and 304 
stainless-steel tubing. The more refractory 
metals behaved erratically. This behavior was 
ascribed to the inhomogeneity of the stainless- 
steel material and to the exceedingly large 
grain size of the Zircaloy-2 material. These 
assumptions have been corroborated by metal- 


lographic examination. Future attempts to com- 
pact a fuel rod of these materials will be 
conducted using a two-step process. A light 
charge will be used in the first step for the 
purpose of shrinking the tubing and obtaining a 
density of approximately 70 per cent of the 
theoretical density. A heavier charge will be 
used for the second step to obtain the desired 
density, and an intermediate anneal will be in- 
corporated between the two steps to remove 
any residual stresses. (C. C. Simons) 


Welding and Brazing 


Two new bibliographies of interest to workers 
in this field are available. One bibliography is 
restricted to the welding of Zircaloy-2 and 
contains 40 references on this subject.*» The 
second bibliography consists of 850 references 
on all aspects of welding and brazing.*® 


First reports on the welding of pure yttrium 
have shown that this metal can be weldedeasily. 
Satisfactory tungsten-arc fusion welds and re- 
sistance spot welds have been made by person- 
nel at the Albany, Oreg., Bureau of Mines 
station.*’ Fusion welds were made in sheet 
0.02 in. thick; spot welds were accomplished 
between sheets 0.008 to 0.012 in. thick. 


An interesting study of brazing cycles that 
promote diffusion reactions is reported by 
Westinghouse.** The work was part of the de- 
velopment of joining procedures for assembly 
of the Yankee Nuclear Power Station fuel- 
element clusters. Either a nickel-phosphorus 
alloy or a nickel—13 wt.%chromium—10 wt. 
phosphorus alloy was used to braze austenitic 
stainless-steel tubes into a cluster. Since these 
alloys are brittle in normal braze thicknesses, 
the parts were kept at the brazing temperature 
until the phosphorus (which promotes the em- 
brittlement) could diffuse into the base metal. 
A typical cycle involved heating to 1850 F for 
4 hr. The term “diffusion bonding,’’ used in 
this report to describe this technique, may lead 
to some confusion. A new term is needed to 
distinguish this technique from conventional 
brazing and diffusion bonding. The conclusions 
reached in this work are summarized as fol- 
lows: 


1. Preplacement of the brazing alloy as an 
electroless nickel-phosphorus coating produced 
the best results. 

2. The joint clearance was a critical factor 
in controlling the final joint properties. A 
clearance of less than 0.0025 in. was deemed 
necessary. 

3. The tensile strength of joints increased 
with holding time at temperature. 


Beryllium-joining studies are continuing at 
Oak Ridge,*® with work now in progress on 
electron-beam welding, brazing-alloy develop- 
ment, and diffusion bonding. Satisfactory end- 
cap seals have been made with electron-beam 
welds on parts machined from bar stock. Re- 
sults were unsatisfactory when extruded tubing 
was used. Brazing alloys that are compatible 
with lithium and that melt between 1000 and 
1150°C are being studied for brazing character- 
istics on beryllium. Some of these alloys have 
the following nominal compositions: 


47 wt.% titanium—47 wt.% zirconium —6 wt.’ 
beryllium 
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46 wt.% titanium—46 wt.% zirconium—4 wt.% 
beryllium —4 wt.% vanadium 

45 wt.% titanium —45 wt.% zirconium — 10 wt.% 
iron 

63 wt.% titanium—27 wt.% iron—10 wt.% mo- 
lybdenum 


Additional work on diffusion bonding involving 
cycles such as 1100°C for 2 hr is in progress. 
(R. E. Monroe) 


Nondestructive Testing 


There is interest in the use of Lamb waves 
where a need exists to measure the thickness 
of very thin plates, to study bond integrity, to 
locate laminar type defects very close to the 
surface of plates, or to inspect very thin-walled 
tubing. Lamb waves can exist in an infinite 
series of molds and in two types, symmetrical 
and asymmetrical. The velocity at which a 
Lamb wave travels depends upon the thickness 
of the plate, the material, the frequency of the 
sound wave, and the mode and type of sound 
wave. Hanford®’ has made major contributions 
in the inspection of materials by Lamb waves. 
Lamb waves have been successfully transmitted 
over long distances in pipes. They are being 
used to investigate bond integrity in fuel ele- 
ments and in the development of a thickness- 
measuring instrument. 

Lambert®! makes use of the fact that Lamb 
waves can be generated in thin sections to de- 
tect internal unbonded regions. An inspection 
head containing two ultrasonic transducers is 
inserted in the tube. One transducer acts as a 
transmitter, and the other transducer acts asa 
receiver. The nominal incidence angle using 
water coupling is 15 deg. Theultrasonic energy 
from the transmitter produces Lamb waves in 
the unbonded region which are detected by the 
receiver. The receiver detects no signal over 
bonded regions. 

Woodward’ at Savannah River uses what 
appears to be a similar method to test one side 
of a clad element. He also reports using the 
through-transmission method to determine bond 
integrity, the attenuation of the pulse being a 
measure of the integrity; but this method can- 
not indicate on which side of the clad element 
the unbonding is located. 

The minimum size of defect a pulse type 
inspection unit will detect depends upon the 
grain size of the metal. Lambert®! states that 


it is possible regularly to detect flaws 10 by 
30 mils at ', in. from the surface in uranium 
of “relatively small’’ grain size. Flaws 20 by 
20 by 40 mils are detectable in uranium of any 
grain size. Cracks and fissures smaller than 
these dimensions are detectable under favorable 
conditions. Ultrasonic testing techniques at 
Hanford® can detect cracks of 3 mils or greater 
depth in a 30-mil-wall Zircaloy tube. 

(D. Ensminger) 
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Aluminum-niobium alloys, existence of NbAI, 
3(3), 43 
Aluminum-niobium-titanium alloys, oxidation, 
3(3), 37 
Aluminum-niobium-zirconium alloys, aging studies, 
1(3), 38 
tensile properties, 1(3), 38 
Aluminum oxide, arc spraying, 3(2), 47 
bend strength of single-crystal whiskers, 
corrosion resistance, 2(1), 32 
dissolution in H,O, 3(3), 38 
radiation effects, 2(4), 11; 3(3), 22; 3(4), 40 


1(3), 26 


reaction with PuO,, 3(4), 15 
thermal expansion, 2(1), 23-4 
Aluminum oxide —beryllium oxide, reaction with H,O 
vapor, 3(3), 32 
Aluminum oxide —beryllium system, high-temperature 
properties, 1(2), 22 
Aluminum oxide —boron carbide dispersions, corro- 
sion in H,O, 1(3), 32; 2(2), 25 
development, 1(2), 26 
fabrication of irradiation specimens, 
poison loading, 1(3), 31-2 
radiation effects, (3), 31; 2(3), 26 
Aluminum oxide ceramic, radiation effects, 3(1), 19 
Aluminum oxide —dysprosium oxide system, com- 
pounds, 3(4), 28 
Aluminum oxide —plutonium dioxide mixture, reac- 
tions and sintering, 3(3), 21 
Aluminum oxide —uranium dioxide dispersions, 
radiation effects, 3(1), 19; 3(3), 22 
Aluminum oxide —uranium dioxide fuel (Zircaloy- 
clad), pressure bonding, 1(2), 40 
Aluminum oxide —uranium dioxide mixtures, density, 
1(2), 15 
fission-gas release, 1(2), 15 
radiation effects, 1(2), 15 
Aluminum oxide —uranium dioxide pellets, reaction 
with Zircaloy-2, 1(3), 19 
Aluminum oxide-—uranium dioxide system, fabrica- 
tion, 3(1), 12 
ultrahigh-pressure studies, 3(3), 18 
Aluminum-plutonium alloy fuel elements, coextrusion 
with Al cladding, 3(3), 54 
swaging of stainless-steel and Zircaloy cladding, 
3(1), 49 
Aluminum -plutonium alloys, casting, 
1(4), 39 
cold swaging, 1(4), 8 
corrosion, 2(2), 9; 3(3), 12, 14 
production, (2), 8—9; 1(3), 10 
radiation-induced dimensional changes, 3(4), 9 
roll bonding with Al cladding, 3(3), 15-16 
Aluminum -plutonium alloys (Al-clad), radiation ef- 
fects, 1(2),9 
Aluminum-plutonium alloys (Zircaloy-2-clad), 
corrosion in H,O, 3(3), 14 
interreaction, 3(3), 14 
radiation effects, 1(3), 10; 3(3), 14 
Aluminum -plutonium -silicon alloys, radiation ef- 
fects, 1(2),9 
Aluminum-plutonium-silicon alloys (Zircaloy-2- 
clad), radiation effects on hardness, 1(3), 10 
Aluminum-plutonium-uranium alloys (Zircaloy-clad), 
bonding evaluation and corrosion in H,O, 2(3), 7 
Aluminum powder alloys, tensile properties, 
3(3), 46 
Aluminum powder -—iron oxide powder mixtures, ex- 
plosion compaction, 3(2), 49 
Aluminum powder metallurgy material, welding, 
3(3), 58 
Aluminum-silicon alloys, structure, 


1(3), 31 


1(2), 9; 


3(2), 31 
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Aluminum-silicon spikes, eddy-current detection in 
fuel-slug jackets, 1(3), 54 
Aluminum-silicon-uranium alloys, fabrication, 
1(4), 5 
Aluminum-thorium alloys, casting, 2(1), 11 
constitution, 2(2), 9-10 
eutectics, 2(2), 10 
grain-growth restriction, 2(4), 6 
hot hardness, 2(4), 6 
melting, 2(1), 11 
metallography, 2(4), 6 
precipitation hardening, 3(1), 8 
Aluminum-thorium-uranium alloys, constitution, 
1(2), 7, 10—11 
Aluminum-thorium-uranium eutectic, containment by 
Ta and Y, 1(4), 25 
Aluminum-tin-uranium alloys, casting, 3(2), 4 
corrosion in H,O, 3(2), 4 
hot hardness, 3(2), 4 
melting, 3(2), 4 
tensile strength, 3(2), 4 
UA1,-UAl, reaction, 3(2), 4 
Aluminum -tin-zirconium alloys, tensile properties, 
3(1), 53 
weldability, 3(1), 53 
Aluminum-titanium-vanadium alloys, explosion weld- 
ing, 3(4), 55 
Aluminum-uranium alloy cored tubes, coextrusion 
with Al cladding, 2(2), 51, 53 
Aluminum-uranium alloy cores, hot roll bonding with 
Al (1100), §(3), 50 
roll cladding with 1100 Al and Al-clad 6061 alloy, 
1(3), 50 
Aluminum-uranium alloy extrusion blanks, centrifugal 
casting, 2(1), 8 
Aluminum-uranium alloy fuel elements, fabrication 
yield evaluation, 1(1), 26 
hot pressing in Alalloy cans, 3(2), 46 
Aluminum-uranium alloy powder fuel, tubes, coextru- 
sion with Al cladding, 2(3), 51 
Aluminum-uranium alloy rods, coextrusion with Cu 
cladding, 3(2), 45 
Aluminum-uranium alloy shot, production with spin- 
ning disk, 2(1), 8 
rod fabrication from, 2(1), 8 
Aluminum-uranium alloy tubes, coextrusion with 
Zircaloy cladding, 3(2), 45 
Aluminum-uranium alloys, B addition effects, 
1(3), 7; 2(3), 6 
casting, (1), 6—7; (2), 6—7; 1(3), 48; 2(2), 7; 
3(1), 48 
cladding, (2), 7 
coextrusion, 1(2), 7 
composition, 1(1), 7 
corrosion, 1I(1), 7; 1(3), 7; 3(2), 4 
deformation in textures, 2(2), 6; 3(4), 7 
diffusion, (1), 7; 3(4), 43 
dip sampling of melt, 2(1), 7-8 
etching, i(1), 7 
fabrication, 1(3), 7; 1(4), 5—6; 2(2), 48 


fuel loading, 2(1), 7 

Ge addition effects, 2(2), 7 

heat-treatment effects on rollability, 3(1), 4 

hot hardness, 3(2), 4 

ignition in air and O,, 2(4), 9 

mtermetallic layer growth, 3(1), 15 

Li addition effects, 2(3), 6 

liquidus temperatures, 1(4), 6 

Mg addition effects on fabricability, 2(2), 7 

microstructure, 3(2), 4 

Pb addition effects on structure, 

Pd addition effects, 2(2), 7 

physical properties,. 1(3), 7 

preparation, 1(3), 8; 2(4), 4 

pressure effects on interdiffusion, 2(3), 16 

production, 2(1), 7-8 

Pt addition effects on structure, 

radiation effects, 1(3), 7 

reaction with H,O vapor, 3(2), 9 

segregation, 2(1), 7; 2(2), 47 

shot production on spinning disk, 1(4), 39; 2(2), 48 

Si addition effects, 1(2), 7; 1(3), 7; 1(4), 6; 2(2), 7; 
2(3), 6-7 

Sn addition effects, (3), 7; 1 (4), 6; 2(3), 7; 2(4), 
3—4; 3(1), 4; 3(3), 5; 3(4), 7 

tensile strength, 3(2), 4 

Ti addition effects on UA], formation, 1(3), 7 

UAI,-UA], transformation kinetics, 3(1), 4 

UAI1,-UAI, transformation suppression with Si, Sn, 
or Zr, 3(2),4 ; 

Zr addition effects, (3), 7; 2(2), 7; 2(3), 7; 2(4), 
3—4; 3(1), 4; 3(3), 5; 3(4), 7 


1(4), 6 


1(4), 6 


Aluminum—uranium aluminide diffusion couples, UAI, 
growth kinetics, 3(1), 15 
Aluminum—uranium carbide dispersions, chemical 


reactions, 1(1), 15; 3(2), 5 


Aluminum —uranium dicarbide dispersion fuel ele- 
ments, corrosion in H,O, 3(2), 5 
fabrication, 3(2), 5 
Aluminum -—uranium dicarbide system, effects of H, 
on UC, stability, 3(2), 6 
Aluminum-uranium diffusion couples, interdiffusion, 
3(1), 13-15 
pressure effects, 1(2), 41 
UAI, growth, 3(1), 13-15 
Aluminum -— uranium dioxide dispersions, chemical 
reactions, (1), 15; 2(3), 11 
fabrication, 1(1), 15 
swelling, 2(3), 11 
Aluminum —uranium dioxide joints, thermal contact 
conductance, 2(1), 13-14 
Aluminum —uranium dioxide mixture films, radiation- 
induced UO, redistribution, 3(2), 8 
Aluminum-uranium dispersions, coextrusion with Al 
cladding, 1(3), 52 
Aluminum-uranium hollow extrusion billets, centrifu- 
gal casting, 2(3), 7 


Aluminum -—uranium oxide dispersion fuel elements 
(Al-canned), fabrication, 3(4), 51 
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Aluminum — uranium oxide dispersions, chemical dislocations, 3(4), 22 
reactions, 2(2), 11 drawing, 3(1), 23; 3(3), 29-30 
development, 1(2), 12—13; 1(3), 14 ductility, §(2), 20; 3(2), 14; 3(3), 31; 3(4), 20 
growth characteristics, 1(2), 13 elastic constants, 2(4), 15; 3(4), 21 
Aluminum-uranium-zirconium alloys, as-cast prop- electron-beam melting, 3(1), 22; 3(4), 19-20 
erties, 2(4), 2 electron-beam welding, 3(4), 20 
casting, 3(2), 4 electronic structure, 3(3), 31 
corrosion in H,O, 1(4), 2—3; 3(2), 4 electroplated coating, 3(4), 22 
diffusion, 2(2), 37 electrorefining, 3(4), 19 
hot hardness, 3(2), 4 evaporation, 3(3), 31-2 
melting, 3(2), 4 explosion welding, 3(4), 55 
tensile strength, 3(2), 4 extrusion, 3(2), 13; 3(3), 29; 3(4), 20 
thermal-cycling effects on dimensional stability, extrusion cladding, 3(2), 14 
3(3), 3 fabrication, (3), 26; 2(1), 23; 2(2), 22; 3(1), 23; 
UAI,-UAl, reaction, 3(2), 4 3(3), 29; 3(4), 23 
Aluminum-vanadium alloys, constitution, 2(2), 37 Fe addition effects on tensile properties, 1(3), 
Antimony-uranium alloys, constitution, 3(1), 5 24-5 
Arc melting, crucible cooling with air, 1(1), 25 fission-gas formation, 3(1), 36—7; 3(3), 32 
studies, 1(1), 25 fracture, 2(2), 21; 3(3), 31 
Argon, properties, 3(3), 40 fusion welding, 3(1), 23; 3(2), 14; 3(4), 20 
Army Package Power Reactor, control-rod specifica- grain size, I(1), 19—20 
tions, I(1), 23 hazards, 2(1), 23; 2(3), 23; 3(2), 15; 3(3), 32 
fuel-element fabrication specifications, 1I(1), 14 heat capacity, 3(2), 15 
heat effects, (4), 14; 3(4), 22 
high-temperature allotrope, 1(3), 25 
indentation hardness, 3(4), 21 
induction-heating effects, 1(4), 14 
Barium-hydrogen system, constitution, 3(4), 26 joining, 1(3), 26; 1(4), 42; 2(4), 15; 3(4), 55-6 
Barium uranate, preparation, thermal stability, joint strength, 1(1), 20 
melting point, and reactions with air and He, lattice parameters, 3(4), 21 
2(4), 9 machining, 3(1), 23 
Beryllium, adhesive bonding, 3(2), 13-14 melting, 3(1), 22; 3(2), 41; 3(4), 19-20 
air spectrographic analysis for, 3(3), 31 metallurgy, 3(2), 14; 3(4), 22-3 
allotrope, 1(3), 25 moderator applications, 1(3), 26 
alloying effects on mechanical and physical prop- Ni addition effects on tensile properties, 1(3), 
erties, 3(4), 21 24-5 
annealing effects, 3(4), 22 O, determination in, 2(3), 23 
applications, 1(3), 26; 2(1), 23; 3(3), 29 O, source in, 3(3), 31-2 
basal-plane research, 1(3), 24—6 oxide determination, 1(3), 26 
behavior in HNO,-Pu solution of porous, 3(3), 31 phase constitution, 1(2), 22 
bibliographies, 3(3), 29; 3(4), 23 phase transformation, 1(2), 22; 3(1), 22 
bolt fabrication, 3(3), 30 plastic deformation, 3(3), 32 
braze welding, 3(1), 23 plating with Au, 3(3), 31 
brazing, 3(2), 13—14, 47; 3(3), 30; 3(4), 20, 55-6 preparation, 2(1), 23; 3(2), 14 
brittleness, 1(1), 19; 3(3), 30; 3(4), 19 processing, 3(3), 32 
casting, 2(2), 20; 3(4), 19 production, 1(2), 20—1; 1(3), 24—5; 2(1), 23; 
coating with Al, 3(3), 29 2(2), 21; 2(3), 22—3; 3(4), 21 
compatibility with reactor materials, 2(2), 22; properties, 2(1), 23; 3(3), 29; 3(4), 23 
2(4), 15 bend, 3(2), 14 
corrosion, 1(1), 20-1; 1(2), 22; 3(2), 15; 3(2), 24; chemical, 3(3), 32 
3(4), 35 high-temperature, 3(4), 21 
Cr addition effects on tensile properties, 1(3), mechanical, 2(2), 20; 2(4), 15; 3(3), 32 
24-5 nuclear, 3(3), 32 
crack propagation, 3(2), 14 physical, 3(3), 32 
Cu addition effects on tensile properties, 1(3), stress-rupture, 3(4), 21-2 
24-5 tensile, 1(3), 25; 3(2), 14; 3(4), 21 
density of centrifugally cast, 2(2), 20 thermal, 2(3), 23 
determination, 2(2), 22 radiation effects, 1(2), 22; 2(1), 43 
diffusion bonding, 3(2), 14; 3(3), 30; 3(4), 20, radiation-induced gas formation, 2(2), 22; 3(3), 
55-6 23, 42 
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Beryllium (Continued) 
radiation-induced swelling, 3(3), 32 
reaction with CO,, 3(3), 32; 3(4), 22 
reactions with elements, 3(3), 29 
roll cladding, 3(2), 14 
solid solubility of Fe and Niin, 3(3), 31 
specific heat, 3(2), 15 
spectrographic analysis of air for, 3(3), 31 
strip and clad composites, 3(1), 22 
structural applications, 1(3), 26; 2(1), 23 
structural development, 1(3), 26 
structural modification effects on mechanical and 
physical properties, 3(4), 21 
structure, 3(2), 14; 3(3), 31 
substructure, 3(4), 22 
surface condition effects, 3(2), 14 
texture, 4(2), 20-1; 2(2), 21-2 
thermal arrests, 3(4), 22 
thermal conductivity, 3(2), 15; 3(3), 32 
thermal cycling, 3(1), 22—3; 3(4), 21 
toxicity, 2(1), 23 
upset welding, 3(4), 20 
vacuum melting, 3(4), 19-20 
welding, 2(3), 53; 3(1), 23; 3(2), 14; 3(3), 30, 58; 
3(4), 20, 55 
wire drawing, 3(1), 23 
zone refining, 3(1), 22 
Beryllium (cast), grain size, 3(4), 19 
He injection effects on expansion behavior, 2(1), 
23 
ultrasonic grain refinement, 1(3), 24-5 
Beryllium (clad), fission-gas retention, 3(3), 32 
Beryllium (Cu-jacketed), working, 3(1), 23 
Beryllium (irradiated), annealing effects on density, 
2(2), 22 
behavior of He injected into, 3(3), 42 
heating effects, 3(1), 22; 3(3), 42 
Beryllium (QMV), work hardening, 3(1), 23 
Beryllium (stainless-steel-jacketed), working, 
3(1), 23 
Beryllium (structural), applications, 1(3), 26; 
2(1), 23 
development, 1(3), 26; 3(4), 20 
evaluation, 3(4), 20-1 
mechanical properties, 3(4), 21 
Beryllium (wrought), production plant description, 
3(3), 29 
Beryllium alloys, development, 2(3), 22 
ductility, 3(3), 30 
intermetallic compound effects on high-tempera- 
ture strength, 1(1), 20 
thermal arrests, 3(4), 22 
Beryllium alloys (wrought), development, 1(2), 20 
Beryllium amalgam, preparation, 1(2), 21 
Beryllium—beryllium carbide dispersions, stress- 
rupture properties, 3(4), 22 
Beryllium—beryllium carbide system, high- 
temperature properties, 1(2), 22 
Beryllium-beryllium couplings, tensile properties, 
1(4), 14 


Beryllium—beryllium oxide dispersions, stress- 
rupture properties, 3(4), 22 

Beryllium—beryllium oxide system, thermal expan- 
sion, 1(2), 22 

Beryllium carbide dispersions, development, 
I(1), 24 

Beryllium carbide—graphite bodies, ceramic coating, 
2(4), 44 

Beryllium-copper alloys, mechanical properties, 
2(3), 22 

Beryllium dispersed-phase alloys, corrosion in H,O, 

3(4), 22 

high-temperature mechanical properties, 3(4), 22 

Beryllium electroplates, production, 3(2), 14 

Beryllium extrusions, mechanical properties, 3(2), 
13 

Beryllium films, preparation, 3(4), 22 

Beryllium fuel capsule end closures, fabrication, 
2(3), 22 

Beryllium ingots, casting, electron bombardment, and 
melting, 2(2), 20 

Beryllium-iron alloys, solid solubility of Fe, 2(2), 
21 


Beryllium—iron oxide systems, high-temperature 
properties, 1(2), 22 
Beryllium-magnesium alloys, preparation, 2(1), 23 
Beryllium monocrystals, plastic properties, 3(3), 31 
Beryllium-nickel alloys, high-temperature phase, 
3(3), 31 
mechanical properties, 2(3), 22 
phase diagram, 3(3), 31 
phase transformation, 1(2), 22 
radiation effects on electrical resistivity, 
3(2), 26—7 
solid solubility of Ni, 2(2), 21 
X-ray diffraction, 1§(3), 25 
Beryllium-niobium alloys, preparation and proper- 
ties, 3(1), 23 
Beryllium ores, review, 3(4), 22-3 
Beryllium oxide, bend strength of single-crystal 
whiskers, 1(3), 26 
compatibility with ceramic fuels, 1(1), 21 
corrosion, 1(3), 37; 2(1), 32; 3(1), 23; 3(3), 32 
crystal-growth inhibition, 2(1), 24 
Beryllium oxide, fabrication, 2(2), 22 
mechanical properties, 3(3), 32 
nuclear properties, 3(3), 32 
radiation effects on thermal conductivity, 3(2), 15 
review, 3(4), 22-3 
self-diffusion coefficient, 1(3), 26 
tensile creep,. 2(3), 23 
thermal conductivity, 1(4), 15; 3(2), 15 
thermal expansion, 2(1), 23-4 
Beryllium oxide ceramics, corrosion in liquid Na, 
1(4), 15 
grain growth, 2(3), 23 
Beryllium oxide—thorium dioxide—uranium dioxide 
system, fusion behavior and grain growth, 
2(3), 23 
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Beryllium oxide —uranium dioxide bodies (sintered), 
structural integrity, 3(4), 12 

Beryllium oxide—uranium dioxide pellets, radiation 
effects, 3(4), 12 

Beryllium oxide—uranium dioxide —zirconium dioxide 
dispersions, properties, 3(1), 11—12 

Beryllium oxide—Vycor dispersions, radiation 
effects, (1), 23 

Beryllium-plutonium alloys, preparation, 1(4), 7; 
3(3), 31 

Beryllium powders, hot pressing, 3(4), 20 
metallurgy review, 3(4), 22-3 
preparation, 1(2), 21-2 
sintering, 2(2), 21 

Beryllium rods, fabrication from Be powder, 3(2), 
13 


Beryllium sheet, cracking, 2(4), 14-15 
ductility, 2(3), 22; 2(4), 14-15 
mechanical properties, 3(2), 14—15; 3(3), 29 
production, 3(2), 13 
texture, 3(3), 30-1 
true stress—plastic strain relation, 3(3), 31 
Beryllium — silicon dioxide system, high-temperature 
properties, 1(2), 22 
Beryllium-silver alloys, BeO addition effects on 
strength, 3(1), 22 
casting, 3(4), 19-20 
cold rolling, 3(3), 30 
ductility, 3(1), 22 
mechanical properties, 2(3), 22 
rolling, 3(4), 20 
Beryllium-sodium system, reactions, 2(4), 15 
Beryllium — stainless steel (type 316) couplings, 
tensile properties, 1(4), 14 
Beryllium —thorium beryllide dispersions, fabrica- 
tion, 1(3), 52 
Beryllium-thorium-uranium fuel elements (Be- 
sheathed), fabrication, 1(3), 26 
Beryllium-tin alloys, mechanical properties, 2(3), 
22 
Beryllium tubing, burst testing, 3(4), 22 
capsule material use, 3(4), 20 
inclusions, 3(3), 30 
Beryllium-uranium alloys, preparation, 3(3), 31 
Beryllium—uranium beryllide dispersions, fabrica- 
tion, 1(3), 52 
Beryllium-yttrium alloys, constitution, 3(1), 42 
preparation, 3(1), 23 
properties, 3(1), 23 
Beryllium-Zircaloy-B alloys (molten), reaction with 
H,O, I(1), 35 
Beryllium-zirconium alloys, preparation and prop- 
.erties, 3(1), 23 
Binary alloys, constitutional diagrams, 3(4), 2 
Bismuth, reactions with metals and liquid metals, 
2(4), 22 
Bismuth-lead alloys, specific heat, 3(2), 15 
Bismuth-lead-thorium alloys, constitution, 2(1), 11 
Bismuth-thorium breeder blanket, corrosion, 
2(1), 30 


Bismuth-uranium alloys, constitution, 3(1), 5 
corrosion of Ta, 2(4), 22 


Bismuth-uranium alloys (molten), containment by Nb 
and Y, 1(4), 25 
corrosion of Cr-Mo steel, 2(2), 31 


Bismuth-uranium fuels (molten), corrosion, 2(1), 
30; 2(3), 31-2 
Bonding 
See Diffusion, Pressure bonding, and specific 
metals and alloys 


Boral 
See Aluminum-—boron carbide dispersions 
Borides, compatibility with UO,, 3(4), 12 
properties, 3(3), 47 
utilization as control materials, 3(3), 35 
Borides (refractory), thermodynamic properties, 
3(4), 28-9 
Boron, chemistry, 2(3), 25 
corrosion in H,O, 1(2), 26 
diffusion in Mo, Nb, Ta, Ti, W, and Zr, 2(2), 37 
neutron-absorbing properties, 3(1), 30 
physical properties, 2(4), 17 
purity of commercial, 2(4), 17 
radiation-induced gas formation in materials con- 
taining, 3(3), 23 
radiation-induced He release, 3(3), 35 
reactor-control applications, 3(2), 19 
Boron (dispersed), radiation effects, 1(2), 26 
Boron alloy-—stainless steel dispersions, fabrication, 
2(2), 26 
Boron carbide, bonding, 2(4), 17 
compatibility with stainless steel, 3(2), 19 
corrosion, 1(2), 26; 1(3), 32; 2(1), 32; 2(2), 25-6 
irradiated specimen fabrication, 1(3), 31 
neutron absorption, 3(1), 30 
physical properties, 2(4), 17 
radiation effects, 1(2), 26 
radiation-induced He release, 3(3), 35 
solubility in H,O, 1(3), 32 
Zircaloy-2 cladding by Cu diffusion bonding, 
2(2), 25 
Boron carbide burnable-poison plates, development, 
3(3), 35 
Boron carbide cermets, fabrication, 1(3), 32 


Boron carbide control rods (Zircaloy-clad), develop- 
ment, 1(2), 25-6 
Boron carbide—copper dispersions, neutron absorp- 
tion, 3(1), 30 
roll bonding with stainless steel, 2(4), 17 
Boron carbide —copper dispersions (stainless-steel- 
clad), fabrication, 2(4), 17; 3(1), 29 
Boron carbide—silver dispersions, compact produc - 
tion, 2(1), 27 
density, 2(1), 27 
roll cladding with stainless steel (304), 1(4), 40 
Boron carbide sintered pellets (Zircaloy-clad), 
preparation, 2(3), 26 
Boron carbide —stainless steel dispersions, fabrica- 
tion, 2(2), 26 
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Boron carbide — Zircaloy dispersions, development, 
2(4), 17 
extrusion, 2(3), 25 
homogeneity, 2(3), 25 
radiation effects, 2(3), 26—7 
waterlogging effects, 3(1), 29 


Boron carbide — Zircaloy dispersions (clad), salt bath 
testing, 2(3), 25-6 

Boron carbide — Zircaloy dispersions (irradiated), 
annealing effects, 2(3), 26; 2(4), 17-18 

Boron carbide — Zircaloy-2 cermet core strip, co- 
extrusion with Zircaloy-2 cladding, 2(2), 53 

Boron carbide — Zircaloy-2 dispersions, applications, 

1(3), 31 

coextrusion, 2(3), 51-2 
radiation effects on corrosion, 2(2), 25; 2(4), 17 

Boron carbide —zirconium boride dispersions, radia- 
tion effects, 2(3), 26 

Boron-chromium compacts, B sintering losses, 
3(2), 19 

Boron-chromium-nickel-silicon alloys, corrosion by 
Na, 3(3), 40 

Boron—chromium oxide compacts, B sintering losses, 
3(2), 19 

Boron compounds, chemistry, 2(3), 25 
purity of commercial, 2(4), 17 
solubility in H,O, 1(3), 32 

Boron control rods, development, 1(2), 26 

Boron-iron alloys, development, 2(1), 26 
phase diagram, 2(4), 17 
radiation effects on electrical resistance, 3(1), 28 

Boron-iron alloys (irradiated), annealing effects on 
electrical resistance, 3(1), 28 

Boron-iron compacts, B sintering losses, 3(2), 19 

Boron-iron dispersions, development, 2(1), 26 
fabrication specifications, 1(1), 23 

Boron-iron dispersions (austenitic stainless-steel- 
clad), design, fabrication, and radiation effects, 
3(1), 30 

Boron-iron dispersions (Zircaloy-2-clad), fabrica- 
tion, 2(2), 25 

Boron-nickel cermets, fabrication, 2(4), 17 

Boron-nickel compacts, B sintering losses, 3(2), 19 

Boron—nickel oxide compacts, B sintering losses, 
3(2), 19 

Boron-nickel-silicon alloys, corrosion in Na, 
3(3), 40 

Boron nitride, compatibility with stainless steel, 

3(2), 19 

corrosion resistance to Li, Na, and Pb, 2(1), 32 

Boron nitride —stainless steel dispersions, fabrica- 
tion, 2(2), 26 

Boron oxide glass—titanium dispersions, development 
for reactor poison, 2(1), 27 

Boron-silicon compacts, B sintering losses, 3(2), 19 


Boron-— silicon dioxide compacts, B sintering losses, 
3(2), 19 


Boron- stainless steel alloys, development, 2(1), 26 
radiation effects, 1(2), 25; 2(1), 26; 2(3), 26; 
3(1), 28 


Boron-— stainless steel alloys (irradiated), annealing 
effects on electrical resistance, 3(1), 28 
Boron ~stainless steel dispersions, development, 
2(1), 26 


radiation effects, (3), 31 


Boron- stainless steel dispersions (stainless-steel- 
clad), development, 2(4), 17 


Boron- stainless steel dispersions (Zircaloy-2-clad), 
fabrication, 2(2), 25 


Boron-— stainless steel powder dispersions, radiation 
effects, (1), 23 


Boron- stainless steel—uranium dioxide dispersion 
fuel plates, B loss control, 3(2), 19 
Boron-tantalum alloys, phase diagram, 3(4), 29 


Boron-titanium-base dispersions (Zircaloy-2-clad), 
properties and radiation effects, 3(2), 19 

Boron-titanium dispersions, description, 1(4), 18 

extrusion, 3(2), 19 

fabrication, 3(2), 19 

impact properties, 3(2), 19 

radiation effects, 2(4), 17; 3(2), 19 

radiation-induced internal cracking, 3(2), 19 

tensile properties, 3(2), 19 


Boron-uranium-Zircaloy alloys, radiation effects on 
dimensions, 2(3), 8 


Boron— uranium — Zircaloy-3 alloys (irradiated), 


annealing effects on swelling and resistivity, 
2(3), 8 


Boron-uranium-zirconium alloys, production, 
1(3), 9 
radiation effects, 1(3), 9; 2(3), 8; 2(4), 4-5 
Boron-uranium-zirconium alloys (irradiated), an- 
nealing effects on swelling, 2(4), 4 


Boron-uranium-zirconium alloys (Zircaloy-3-clad), 


radiation effects, 1(2), 7—8 


Boron-Zircaloy dispersions, radiation effects, 
2(4), 17 
Boron-— Zircaloy-2 alloys, radiation effects, (1), 23 
Boron-zirconium alloys, phase diagram, 2(4), 17 
radiation effects, 2(2), 15; 3(1), 28 
Boron-zirconium alloys (irradiated), annealing ef- 
fects on electrical resistance, 3(1), 28 
Boron-zirconium dispersions, radiation effects, 
1(1), 23; 1(3), 31 
Boron-zirconium dispersions (irradiated), annealing 
effects, 2(2), 26 
Brass, metallographic effects of explosion shock, 
3(2), 49 
radiation effects on electrical resistivity, 3(4), 37 
radiation-induced diffusion in, 2(2), 32 
Brazing 


See also specific metals and alloys 
alloys, 3(3), 40, 58 
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Brazing (Continued) 

bibliography, 3(4), 55 

for high-temperature service, 3(3), 58 
Burnable-poison dispersions, fabrication, 2(2), 25 


Cc 


Cadmium, neutron absorption, 3(1), 30 
reactor-control applications, 3(2), 19 
Cadmium fluoride, neutron absorption, 3(1), 30 


Cadmium fluoride—nickel dispersions, neutron ab- 
sorption, 3(1), 30 

Cadmium-indium-silver alloy control rods, diffusion 
bonding to Ni electroplates, 3(2), 46—7 


Cadmium-indium-silver alloys, corrosion, 1(2), 24; 
1(3), 29; §(4), 18; 2(3), 25; 3(4), 34 
corrosion protection by plating, 2(1), 26 
creep, (2), 24; 1(3), 29—31; 1(4), 18; 2(1), 26 
development, 2(3), 25 
joining to Ti and Zircaloy-2, 1(3), 31 
properties, 3(2), 21 
creep, 1(4), 18 
mechanical, 1(2), 24-5 
physical, 1(1), 23 
tensile, (3), 30 
radiation effects, (1), 23; 1(2), 24; 1(3), 31; 
1(4), 18; 3(4), 34 
wear factors against Zircaloy-2, 1(3), 31 
welding to Zircaloy-2, 2(2), 25 
yield strength, 1(3), 29—31; 2(1), 26 
Cadmium -indium-silver alloys (Ni-plated), corrosion 
in H,O, 3(4), 34 
Cadmium -indium-silver-tin alloys, corrosion in H,O, 
1(3), 29 
solid-solution hardening, 1(3), 30 
tensile properties, 1(3), 30 
yield strength, 1(2), 25 
Cadmium -iridium-silver alloys, yield strength, 
1(2), 25 
Cadmium -iridium-silver-tin alloys, yield strength, 
1(2), 25 
Calcium boride, radiation effects, 1(2), 26 
Calcium fluoride, radiation damage, 2(4), 11 
Calcium fluoride—calcium uranate ceramic, radiation 
effects, 3(1), 19 
Calcium fluoride ceramics, radiation effects, 
3(1), 19 
Calcium fluoride —strontium fluoride ceramic, radia- 
tion effects, 3(1), 19 
Calcium fluoride —strontium fluoride system, radia- 
tion damage, 2(4), 11 
Calcium hydride, compatibility with metallic cladding 
materials, 1(1), 21 
thermal conductivity, (1), 21 
Calcium oxide, radiation effects on crystal proper- 
ties, 3(3), 22 
Calcium oxide —uraniumi dioxide ceramics, radiation 
effects, 3(1), 19 : 


Calcium oxide —uranium dioxide — zirconium dioxide 
ceramics, properties, 3(1), 11 
Calcium oxide—uranium dioxide — zirconium dioxide 
system, fabrication, 3(1), 12 
Calcium oxide— zirconium oxide mixtures, radiation- 
induced amorphism, 3(3), 22 
Calcium uranate, preparation and properties, 2(4), 9 
Carbides, compatibility with UO,, 3(4), 12 
properties, 3(3), 47 
Carbon, diffusion in Mo, Nb, Ta, Ti, W, and Zr, 
2(2), 37 
solubility in Na, 1(2), 30 
Carbon-chromium-uranium system, structure of 
UCrC,, 3(2), 6 
Carbon films, deposition, 3(2), 47 
radiation effects, 34), 39 
Carbon-hydrogen-thorium system, ternary com- 
pounds, 3(4), 9 
Carbon-molybdenum -titanium-zirconium alloys, 
recrystallization and rupture stress, 2(4), 41 
Carbon-molybdenum-uranium system, compound 
formation, 1(3), 19 
UMoC; structure, 3(2), 6 
Carbon-niobium-uranium alloys, carbide formation, 
1(4), 3 
Carbon-nitrogen-uranium system, compound forma- 
tion, (3), 19 
constitution, 2(1), 14 
structure, 1(3), 19 
thermal stability, 1(2), 16 
Carbon-plutonium system, phase diagrams, 3(3), 8, 
11, 21 
Carbon-tantalum-uranium system, UTayjC,, 3(3), 20 
Carbon-thorium system, constitution, 2(1), 11 
Carbon-thorium-uranium system, stability and struc - 
ture, 2(1), 14-15 
Carbon-tungsten-uranium system, compound forma- 
tion, 1(3), 19 
UWC, structure, 3(2), 6 
Carbon-uranium system, bibliography, 3(3), 20 
chemical reactions, 3(3), 20 
compounds, 3(3), 20 
constitution, 2(4), 2 
diffusion, 2(3), 17 
H, behavior in, 2(4), 2 
literature reviews, 3(2), 6; 3(3), 20 
phase diagrams, 3(3), 20 
physical properties, 3(4), 13-14 
Carpenter-20, development for cladding, 3(3), 38 
Carpenter-20 Cb, corrosion, 1(3), 34 
Carpenter-20 Nb, oxidation, 2(4), 23 
Ceramic coatings 
See also Coatings 
State of the art, 2(1), 50 
Ceramics 
See also specific ceramics 
cladding by pressure bonding, 2(4), 42; 3(1), 50; 
3(2), 44 
coextrusion with stainless-steel cladding, 2(3), 51 
corrosion, 1§(3), 37; 2(1), 32; 3(4), 35-6 
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Ceramics (Continued) 
densification, 2(4), 42; 3(1), 50; 3(2), 44 
electrophoretic coating with, 1(1), 29 
fission-gas release, 1(1), 13 
radiation effects, 3(4), 40 


Ceramics (irradiaied), microstructure studies, 
2(2), 14 

X-ray diffraction techniques, 

Cerium, hydridation, 2(2), 23 

Cerium alloy hydrides, mechanical properties, 
2(4), 15 

Cerium alloys, hydridation, 2(4), 15 

Cerium-cobalt-plutonium alloys, eutectic, 
properties, 3(3), 7 

Cerium-copper-plutonium alloys, corrosiveness, 
3(3), 7 

Cerium dioxide—plutonium dioxide system, X-ray 
diffraction studies, 2(3), 15 

Cerium dioxide—uranium dioxide ceramics, sintering, 
1(4), 10 

Cerium dioxide—uranium dioxide pellets, reaction 
with Zircaloy-2, (3), 19 

Cerium hydrides, properties, 3(1), 26 

Cerium-magnesium -zinc-zirconium alloys, tensile 
properties, 3(3), 46 


2(2), 14-15 


3(2), 5 


Cerium-nickel-plutonium alloys, corrosiveness, 
3(3), 7 


Cerium oxide —dysprosium oxide system, constitu- 


tion, 3(4), 28 
Cerium-thorium alloys, constitution, 1(3), 11 
Cermets, cladding by pressure bonding, 2(4), 42; 
3(1), 50; 3(2), 44 
coextrusion with stainless-steel cladding, 
corrosion, 1(3), 37; 3(4), 35-6 
densification, 2(4), 42; 3(1), 50; 3(2), 44 
electrophoretic coating with, 1(1), 29 
Cesium, properties, 3(3), 40 
Chromel, corrosion by Bi, Bi-Pb alloys, and Sn, 
1(2), 30 
Chromium, corrosion, 1(2), 33; 1(3), 35 
diffusion with Nb, 3(4), 44 
ductile-brittle transition, 2(4), 37 
oxidation, 1(1), 33; 2(4), 23—4; 3(4), 34 
radiation effects on crystal structure, 3(3), 41 
rare-earth addition effects on N, absorption, 
3(2), 34 
scaling in O, andair, 2(4), 24 
Y addition effects on oxidation, 3(1), 34 
Chromium alloys, oxidation, 3(4), 34 
Chromium-base alloys, corrosion resistance, 
1(3), 35 
Chromium -base binary alloys, corrosion resistance, 
1(3), 35-6 
Chromium boride, properties, 3(4), 34 
Chromium carbide, corrosion resistance, 
properties, 3(4), 34 
Chromium-cermet dispersions, development, 
2(3), 12 


2(3), 51 


2(1), 32 


Chromium -cobalt-nickel alloys, oxidation resistance, 
1(4), 22 
Chromium-cobalt-niobium alloys, oxidation, 3(3), 37 
Chromium — europium oxide—iron—nickel dispersions 
(clad with type 304L stainless steel), fabrication, 
3(1), 29-30 
Chromium fluoride, activity coefficients in NaF-ZrFy,, 
1(4), 24 
Chromium-germanium-nickel-silicon alloys, corro- 
sion in Na, 3(3), 40 
Chromium-iron alloys, oxidation, 3(4), 32 
radiation effects on crystal structure, 3(3), 41 
rare-earth addition effects, 3(2), 34 
solid solubility of Yin, 3(2), 32 
‘transition temperatures, 3(2), 31 
Chromium-iron base alloys, oxidation, 3(4), 32 
Chromium-iron, manganese-nickel quadrupole sys- 
tem, phase diagrams and properties, 3(2), 31 
Chromium-iron-molybdenum -nickel alloys 
See Hastelloys and INOR-8& 
Chromium-iron-nickel alloys 
See also Inconel and Stainless steel 
corrosion, 1(2), 29; 3(3), 38 
Chromium -iron-nickel-silicon alloys, oxidation, 
3(2), 23 
Chromium-iron-yttrium alloys, constitution, 
32, 34 
corrosion in H,O, 3(3), 39 
grain size, 3(2), 34 
oxidation, 3(2), 34 
welding, 3(2), 48 
Chromium-iron-zirconium alloys, corrosion in 
steam, 3(4), 31 
Chromium-molybdenum alloys, corrosion, 
2(3), 30 
Chromium -molybdenum-nickel alloys, oxidation, 
3(1), 33 
Chromium-molybdenum-uranium alloys, rolling, 
3(4), 5 


Chromium-molybdenum -vanadium alloys, corrosion, 
1(2), 33 

Chromium-nickel alloys, corrosion, 3(4), 32 
oxidation, 1#(1), 33; 1(3), 34; 2(2), 29 
reactions with UN and U,Si, in dispersions, 1(4), 9 

Chromium-nickel-niobium alloys, oxidation resist- 
ance, 2(2), 29-30 

Chromium-nickel-phosphorus alloys, corrosion in 
Na, 3(3), 40 

Chromium -nickel-silicon alloys, corrosion in Na, 
3(3), 40 

Chromium-nickel-zirconium alloys, corrosion in 
steam, 3(4), 31 

Chromium-niobium alloys, strength, 3(3), 46 

Chromium -niobium-titanium alloys, corrosion, 

2(4), 21; 3(4), 30 

oxidation, 1(3), 34; 3(3), 37 
tensile ductility, 3(2), 30 

Chromium -niobium-uranium -vanadium-zirconium 
alloys, corrosion in H,O, 1(4), 2-3 

Chromium nitride, properties, 3(4), 34 


3(2), 


1(2), 33; 
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Chromium oxide, properties, 3(4), 34 
Chromium-thorium alloys, constitution, (2), 11 
Chromium-titanium ternary alloys, oxidation resist- 
ance, 1(3), 35 
Chromium-tungsten alloys, oxidation, 2(3), 30 
Chromium -tungsten-vanadium alloys, corrosion, 
i(2), 33 
Chromium-uranium alloys, casting, 2(1), 45 
containment by Y, 2(4), 22 
heat-treatment effects on structure, 3(4), 3 
pin-cushion irradiation tests, 2(1), 3—4 
radiation-induced intergranular cracks, 3(2), 7 
rolling, 3(4), 5 
Chromium-uranium alloys (irradiated), alpha-beta 
cycling, 3(2), 7 
Chromium -—uranium dioxide cermets, pressure 
bonding, 3(4), 50 
Chromium-uranium eutectic alloy (molten), contain- 
ment, 1(3), 48; 1(4), 25 
Chromium-uranium-zirconium alloys, corrosion in 
H,O, 1(4), 2-3 
Chromium-vanadium alloys, constitution, 3(2), 32 
corrosion, 1(2), 33; 1(3), 36 
hardness, 3(2), 32 
Chromium-yttrium alloys, phase diagram, 3(2), 32 
Chromium-zirconium alloys, oxidation, 1(3), 34 
Cladding 
See also specific materials clad 
coextrusion with fuel elements, 1I(1), 27-8 
defects in coextrusion, 1(1), 28 
eddy-current thickness measurement, 1(3), 54 
summary, 3(4), 2 
Coatings 
See also specific coatings 
ceramic, 2(1), 50 
electrodeposited, 1(1), 28-9 
electrophoretic, (1), 29 
Cobalt, content control in stainless steel, 2(3), 39 
Cobalt-base alloy—stainless steel (type 410) (Cr- 
plated) couple, galvanic corrosion, 3(2), 23 
Cobalt-base alloys, chromizing effects on oxidation, 
3(3), 39 
explosion forming, 3(2), 49 
Cobalt-niobium alloys, recrystallization, 2(2), 35, 37 
Cobalt-plutonium alloys, phase diagram, 3(3), 7, 9 
Coextrusion 
See also specific materials coextruded 
cladding defects, 1(1), 28; 2(3), 52 
fuel elements with cladding, 1I(1), 27—8 
tandem process, i(3), 51-2 
Compaction, by explosion, 3(1), 52 
Compounds, radiation-induced displacement cascade, 
3(3), 42 
Control materials, radiation effects, 3(3), 1 
summary, 3(4), 2 
Control rods 
See also specific materials used in control rods 
liquid metal, 3(2), 24 
Coolant materials, summary, 3(4), 2 
Coolants, properties, 3(3), 40 


Copper, Al gas plating on, 3(2), 47 

coextrusion with Zr cladding, 2(3), 50 

defect production by cold working, 2(1), 40 

defect production by radiation, 2(1), 40 

diffusion bonding in liquid salts, 2(4), 43 

diffusion of Fe in, 3(2), 36 

diffusion in Zircaloy-2, 3(2), 34-5 

explosion forming, 3(4), 5 

gas-bubble formation, 1(3), 43 

growth in corrosive gas, 3(4), 16 

metallographic effects of explosion shock, 3(2), 
49-50 

pressure bonding with Zr, 2(3), 50 

radiation effects, 1(1), 39; 1(2), 33; 1(3), 42—3; 

3(1), 37 

crystal structure, 1(3), 42—3; 2(4), 25; 3(3), 41 
electrical resistivity, 2(2), 33; 3(3), 42; 3(4), 37 
internal friction, 3(1), 37; 3(3), 42; 3(4), 37 
mechanical properties, 2(2), 33-4 
stored energy release, 3(1), 35 
X-ray scattering, 3(1), 36 
Young’s modulus, 3(3), 42; 3(4), 37 

radiation-induced gas formation, 2(1), 17; 3(3), 
23, 42 

reaction with H,O, 2(1), 33 

small-angle X-ray scattering studies in deformed, 
3(2), 26 


Copper (Al-coated), radiation effects, 3(4), 38-9 


Copper (irradiated), annealing, 2(1), 40; 3(1), 36; 
3(2), 26; 3(3), 41; 3(4), 37 
behavior of He injected into, 3(3), 42 
dislocation loops and reactions, 3(4), 38 
elastic-modulus measurements on annealing, 
3(1), 36 
flow-stress, temperature dependence, 3(1), 36 
heating effects, 3(3), 42 
recovery, 3(1), 35—6; 3(2), 26; 3(4), 41 
small-angle X-ray scattering studies, 3(2), 25—6 
stored energy, 3(2), 26; 3(4), 37 
vacancy formation, 2(3), 32 
Copper (OFHC), gas-pressure self-bonding, 3(1), 49 
solid-phase pressure bonding, 3(2), 44 
Copper eutectic fuel elements, diffusion bonding, 
2(3), 50 
Copper films (irradiated), stored energy release, 
3(4), 39 
Copper-iron alloys, radiation effects, 1(1), 39 
Copper-molybdenum -zirconium alloys, heat-treatment 
effects, 3(4), 43 
Copper-nickel alloys, corrosion resistance to NaOH, 
1(3), 36 
radiation effects, 3(2), 26—7; 3(4), 38 
Copper plating, measurement by eddy-current tech- 
nique, (4), 43 
Copper-plutonium alloys, phase diagram, 3(3), 8, 10 
Copper tubing, coextrusion with Ti cladding, 2(3), 50 
Copper-uranium alloys, ignition in air and O,, 
2(4), 9 
Copper-yttrium alloys, structure, 3(1), 41 
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Copper — Zircaloy-2 alloys, corrosion in H,O and 
steam, 3(1), 32-3 
Corrosion 
See also specific, metals and alloys 
experiment equipment, 3(3), 40 
Croloys 
See also Steel 
coating with Mo, 2(1), 50; 2(2), 55 
coating with MoO,, 2(2), 55 
corrosion, 2(3), 29, 31—2; 3(3), 39; 3(4), 35 
radiation effects, (1), 39; 1(2), 34;2(1), 43; 2(2), 
35-6 : 
Crucibles, air cooling, I(1), 25 
coating, 2(3), 48; 2(4), 41 
Crystals, collisions in displacement spike, 3(2), 27 
defect effects, 3(2), 35 
dislocation sources, 3(2), 27 
radiation surface effects, 2(4), 10 
radiation-induced dimensional instability, 2(4), 25 
radiation-induced lattice displacement, 3(4), 40 
radiation lattice damage detection, 2(4), 25 
small-angle X-ray scattering studies, 3(2), 25—6 
Cutting, by explosion, 3(2), 49 
Cylinders, nondestructive testing, 1(2), 42 


D 


Deuterium oxide, separation from H,O, 3(4), 1 


Diamond, radiation effects, 2(2), 33; 3(2), 27 
Diffusion 


See also specific metals and alloys 
bonding, 2(3), 16 
kinetics, 1(2), 40-1 
review, 2(4), 33 
tracer technique studies, 3(2), 35 
Dispersion-control materials, production, 3(1), 29 
summary, 1(4), 18 
Dispersion fuels 
See also specific materials 
cladding by pressure bonding, 2(4), 42; 3(1), 50; 
3(2), 44 
densification, 2(4), 42; 3(1), 50; 3(2), 4 
radiation effects, (3), 14 
Duranickel 
See also Nickel alloys 
corrosion, 3(4), 32 
Dysprosium oxide ceramics, corrosion in H,O, 
3(4), 28-9 
thermal expansion, 3(4), 28 
Dysprosium oxide—niobium oxide system, constitu- 
tion, 3(4), 28 
Dysprosium oxide —uranium dioxide system, consti- 
tution, 3(4), 28 
Dysprosium oxide—zirconium dioxide system, con- 
Stitution, 3(4), 28 
Dysprosium-zirconium alloys, corrosion in H,O, 
2(2), 25; 3(1), 28-9 
fabrication, 2(2), 25 
phase diagram, 3(1), 28 


Eddy-current testing 
See also Nondestructive testing 
applications, 2(3), 53; 2(4), 44 
Calibration, (2), 42 
development, 2(1), 51; 2(2), 56 
electrical-conductivity measurement in metals, 
3(1), 54 
jacket-to-core gap, 3(3), 59 
jacket thickness, 3(3), 59 
techniques, 3(1), 54 
Zr-cladding thickness, 3(3), 59 
Enamel, electrophoretic coating on U, 1(1), 29 
Erbium-zirconium alloys, corrosion in H,0, 2(2), 25 
fabrication, 2(2), 25 : 
phase diagram, 3(1), 28-9 
Europium alloys, development, 1(1), 23 
Europium boride, radiation effects, 1(2), 26 
Europium oxide, neutron absorption, 3(1), 30 
Europium oxide —iron dispersions, development, 
1(2), 26 
Europium oxide —iron— gadolinium oxide dispersions, 
neutron absorption, 3(1), 30 
Europium oxide —stainless steel dispersions, chemi- 
cal reactions, 1(2), 27 
radiation effects, 1(1), 24 
Europium — stainless steel alloys, Eu vaporization, 
1(4), 19 
Europium-titanium alloys, Eu vaporization, 1(4), 19 
Explosions, applications, 3(1), 52—3; 3(2), 49; 
3(4), 53-5 
compaction, 3(1), 52; 3(2), 49 
cutting, 3(2), 49 
extrusion, 3(1), 52 
forging, 3(2), 49 
forming, 3(1), 52-3 
pressure pulse, 3(4), 54 
sheet-metal critical impact velocities and strain 
rates, 3(1), 52-3 
surface hardening, 3(2), 49 
swaging, 3(1), 52 
tank stress insulation, 3(3), 58 
time-pressure profiles, 3(4), 54 
transfer media, 3(3), 56; 3(4), 54 
welding, 3(1), 52; 3(2), 49; 3(4), 55 
Extrusion, by explosion, 3(1), 52 
Extrusion cladding 
See specific materials 


Fecral, oxidation resistance, 
Ferrous materials 
See also Metals 
radiation effects, 3(1), 37 
Fiberglas fuel elements, development, 3(4), 11 
roll cladding with Al, 3(4), 49 
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Fibers, applications of glass-clad U glass, 3(3), 19 
fabrication of Al containing Al-coated fueled, 
3(3), 19-20 
Films 
See also specific films 
radiation effects on electron scattering and ab- 
sorption, 2(4), 11 
Fission-gas bubbles 
See also specific metals and alloys 
electron microscopy study, 3(1), 18 
Fissium, diffusion, 2(3), 17 
Fissium-molybdenum-uranium alloys, radiation ef- 
fects, 1(3), 4 


Fissium-plutonium-uranium alloys, compatibility 
with metals and alloys, 3(4), 8-9 

composition, 1I(1), 9 
density, 3(4), 8 
development, 1(3), 10 
fabrication, 1(2), 9—10 
hardness, 3(4), 8 
radiation effects, (1), 9; 3(4), 9 
solidus temperature, 3(4), 8 
thermal conductivity, 3(1), 5-7 
thermal expansion, I(1), 9; 3(1), 5—7 


Fissium-plutonium-uranium fuel pins, injection 
casting, 1(3), 10 
Fissium-uranium alloys, density, 3(3), 3 
hardness, 3(3), 3 
injection casting, 1(3), 48 
radiation effects, 1(3), 4; 2(2), 6 
thermal expansion, 3(3), 3 
Fluorides, radiation damage, 2(4), 11 
Fluorides (molten), containment materials, 2(1), 31 
corrosion by, 1(4), 24; 2(1), 30; 2(3), 31 
Forging, by explosion, 3(2), 49 
Frost test 
See also Nondestructive testing 
characteristics, 1(2), 42 
Fuel, radiation effects, 2(4), 9—10 
summary, 3(4), 2 
Fuel billets (hollow), radiographic testing, 1 (3), 54 
Fuel elements, bibliography on fabrication and prop- 
erties, 1(4), 1 
cladding, 3(1), 50 
coextrusion with cladding, 1(1), 27—8 
fabrication, 1(4), 1 
gamma scanning, 3(2), 51-2 
hot swaging with Zircaloy cladding, 2(4), 42 
lead dip canning, 2(4), 44 
leak detection, 3(1), 54 
properties, 1(4), 1 
rare-gas concentration, 2(1), 16—17 
roll cladding, 1(1), 26; 1(4), 40 
symposium, 3(3), 1 
technology, 3(2), 1 
Fuel elements (AlSi-bonded), U diffusion, 3(3), 44 
Fuel elements (AlSi-canned), bond testing by Lamb 
wave method, 3(1), 54 
Fuel elements (clad), bond testing, 1(3), 54 


Fuel elements (diffusion-bonded), examination, 
2(1), 46-7 
fuel-cladding interaction, 2(1), 46—7 
Fuel elements (fused oxide), swaging with stainless- 
steel cladding, 3(3), 53 
Fuel elements (irradiated), gas-bubble effects, 
3(3), 23 
ultrasonic bond testing, 2(1), 51 
Fuel elements (molten), reaction with steam, 1(1), 
35 
Fuel elements (Ni-plated), blistering, 3(4), 53 
Fuel elements (oxide), bonding and swaging with 
cladding, 3(3), 52-3 
Fuel elements (pellet type), vacuum loading in 
canning, 2(3), 52 
Fuel elements (ribbed tubular), nondestructive test- 
ing, 1(2), 42 
Fuel elements (segmented), hot pressing with Al 
cladding, 3(2), 46 
Fuel materials, radiation effects, 1(1), 37; 3(1), 17- 
18; 3(3), 1 
vapor-phase plating, 3(4), 52 
Fuel materials (irradiated), fission-product effects 
on properties, 3(1), 18 
Fuel pins (Zr-clad), end capping, 2(4), 44 
Fuel plates, nondestructive testing, 1(2), 42 
resistance seam welding, 1(3), 53 
roll cladding, 1(2), 40 
X-ray photometry testing, 1(3), 54 
Fuel rods (Mg-clad), H, absorption in monoisopropy]- 
biphenyl, 2(2), 28 
Fuel-slug jackets, eddy-current detection of Al-Si 
spikes, 1(3), 54 
Fuel slugs (cored), extrusion, I(1), 26 
Fuel tubes, swaging with internal and external clad- 
ding, 3(3), 52 
Fused-salt systems, phase diagrams, 3(2), 24—5 
Fused salts, corrosion by, 1(4), 23—4; 2(1), 30 


G 


Gadolinium alloys, production, 1(1), 23 

Gadolinium oxide, neutron absorption, 3(1), 30 

Gadolinium oxide-—nickel dispersions, neutron ab- 
sorption, 3(1), 30 


Gadolinium oxide —nickel—samarium oxide disper- 
sions, fabrication, 1(2), 26 
mechanical properties, 1(2), 26 


Gadolinium — stainless steel alloys, corrosion in H,O 
and steam, 1(4), 18-19 

fabrication, 1(1), 23; 1(4), 18-19 
segregation, 1(4), 18 

Gadolinium-titanium alloys, constitution, 3(1), 28 
corrosion in H,O and steam, 1(4), 18-19 
fabrication data, 1(4), 19 
phase diagram, 3(2), 20-1 
segregation, 1(4), 18 
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Gadolinium-zirconium alloys, constitution, 3(1), 28 
corrosion in H,O, 3(1), 29 
phase diagram, 3(2), 20-1 
Gallium-plutonium alloys, preparation, 1(4), 7 
Gamma testing, applications, 2(4), 44—5; 3(3), 58 
development, 2(1), 51 
Germanium, radiation effects, 2(2), 33; 3(1), 
36; 3(4), 39 
Germanium (irradiated), damage annealing, 3(4), 39 
Germanium-uranium alloys, phase diagram, 3(4), 4 
Gold, pressure effects, 3(2), 36 
radiation effects on electrical resistivity, 2(2), 33; 
3(3), 42; 3(4), 37 
vacuum deposition, 3(3), 54 


Graphite, annealing, 1(1), 19 
Bi penetration, (3), 24; 2(1), 22 
brazing to Nilo-K, 3(2), 47 
canning, 2(1), 49; 2(2), 54-5 
coating with carbides, 2(1), 50; 2(2), 55 
compatibility with alloys, 1(2), 20 
compatibility with liquid Na, 2(2), 20 
creep properties, 2(4), 14; 3(3), 28-9 
diffusion into Alnico, 1(3), 24 
Inconel X, 1(3), 24 
stainless steel (type 316), 
diffusion of gases through, I(1), 19 
electrophoretic coatings for, 1I(1), 29 
imperviousness to H,O, 1(2), 20 
molten-salt penetration into, 3(1), 35 
Na exposure effects, 1(3), 37—8 
permeability, 2(1), 22—3; 3(2), 24 
properties, 3(3), 47 
purity, (1), 19 
radiation effects on, density, 3(3), 28 
dimensions, 2(1), 22; 2(4), 25; 3(2), 12; 3(3), 28 
electrical resistivity, 2(1), 22 
oxidation, 2(1), 22; 3(1), 22 
reaction with H,, 2(1), 22 
thermal conductivity, 2(1), 22 . 
weight, 3(3), 28 
SiC coating, 2(4), 44 
thermal conductivity, 2(3), 22 
total capture cross section, 2(1), 22 
U absorption, 1(3), 24 
UO,-containing, 1(3), 24 
vapor deposition of carbide coatings, 2(3), 52 


1(3), 24 


Graphite (annealed), radiation-induced dimensional 
changes, 3(2), 12 

Graphite (CO), oxidation, 3(2), 12 

Graphite (fueled), fabrication, 1(1),12 
fission-product release, 2(2), 15 

Graphite (irradiated), thermal annealing, 2(4), 14 
total stored energy, 2(4), 14 

Graphite (pyrolytic), linear thermal-expansion coef- 

ficient, 3(2), 12 

oxidation, 3(2), 12 

Graphite (Si-coated), canning with type 316 stainless 
steel, 2(1), 49 

Graphite (SiC-coated), Bi absorption, 2(3), 52 


Graphite (SiC -Si-coated), heat effects, 3(2), 12 
internal pressure effects, 3(2), 12—13 
radiation effects on density, 3(2), 13 


Graphite (SiC -Si-coated) (irradiated), leakage and 
oxidation, 3(2), 13 
Graphite fibers, utilization in fuel elements, 3(3), 52 
Graphite fuels, coating, 3(3), 55 
radiation effects, 2(2), 20 


Graphite plates, vinyl coating, 2(1), 51 

Graphite tubes, vapor deposition of carbide coatings, 
1(1), 28 

Graphite—uranium dicarbide dispersions, irradia- 
tion, 3(1), 22 

Graphite —uranium dioxide fuel elements, radiation 
effects, 2(3), 22; 2(4), 14 

Graphite—uranium dioxide mixtures, physical prop 
erties, 2(1), 23 

Graphite—uranium monocarbide dispersions, irra- 
diation, 3(1), 22 

Graphite—uranium monocarbide mixtures, physical 
properties, 2(1), 23 


H 


Hafnium, corrosion, 3(4), 30 
ductility, 1#(3), 29 
oxidation, 3(4), 34 
physical properties, 
production, 1(2), 24 
properties, 14(2), 24; 1(4), 18; 3(4), 30 
radiation effects on corrosion, 3(4), 33 
radiation-induced transmutation, 3(4), 33 
radiographic testing, 1I(1), 30 
reactor-control applications, 3(2), 19 
separation from Zr, 3(4), 1 
tensile properties, 1(4), 18 
wear factors, 1(3), 31 
welding, 3(1), 53 


1(2), 24 


Hafnium (crystal-bar), corrosion in steam, 
tensile properties, 1(3), 29 


1(3), 29 


Hafnium (sponge), corrosion in steam, 1(3), 29 
tensile properties, 1(3), 29 
Hafnium alloys, oxidation, 3(4), 34 


Hainium boride, properties, 3(4), 34 
radiation effects, (2), 26 
solubility in H,O, 1(3), 32 


Hafnium carbide, properties, 3(4), 34 

Hafnium nitride, properties, 3(4), 34 

Hafnium oxide, arc spraying, 3(2), 47 
properties, 3(4), 34 

Hafnium strip, corrosion, fabricability, and tensile 
properties, 2(3), 25 

Hafnium-thorium alloys, constitution, 1(2), 11 


Hafnium-uranium alloys, equilibrium diagram, 
3(1), 2 


Hafnium-yttrium alloys, constitution, 2(3), 35 
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Hastelloys 

See also INOR-8 

B, carburization effects, 2(4), 36 
corrosion, 1(2), 29; 1(3), 37 
high-temperature strength, 2(4), 35-6; 3(1), 45 
mechanical properties, 2(1), 37—8; 2(2), 42, 

44—5; 2(3), 39-45 

weldment properties, 3(1), 53 

corrosion in H,O, 3(3), 39 

explosion forming, 3(2), 49 

R-235, corrosion, 3(3), 39; 3(4), 32 
development for cladding, 3(3), 38 
oxidation, 1(2), 32; 2(2), 29; 2(4), 23 
thermal stability, 3(3), 39 

specifications, 2(2), 40 

W, corrosion, 1(2), 29 
mechanical properties, 2(2), 42, 45; 2(3), 39, 45 
oxidation, 1(2), 32; 2(2), 29 
weldment properties, 3(1), 53 

X, corrosion, 3(3), 39; 3(4), 32 
oxidation, 2(4), 23; 3(2), 23 
radiation effects, (1), 39; 1(2), 34; 2(1), 43; 

2(2), 35-6 
thermal stability, 3(3), 39 
Haynes 25, radiation effects on springs, 1(3), 44; 
3(4), 41 


Health and safety, summary, 3(4), 1 

Helium, properties, 3(3), 40 

Hydrogen, properties, 3(3), 40 
Hydrogen-niobium system, constitution, 1(4), 16 


equilibria, 1(4), 15—16; 3(1), 26 

heats of solution, 1(4), 16 

phase diagram, 3(1), 26 

X-ray diffraction patterns, 2(2), 23 
Hydrogen—noble metal systems, electrochemical 

mechanisms, 3(1), 15-16 
Hydrogen-titanium-zirconium system, transforma- 

tions, 3(1), 25 
Hydrogen-uranium-zirconium system, constitution, 

3(2), 17 

corrosion in H,O, 2(1), 9 

cracking, 2(1), 9 

dissociation pressure, 1(2), 23 

electrical resistivity, 2(1), 9; 2(2), 23 

fabrication, 3(1), 24 

H, solubility, 1(2), 23 

mechanical properties, 2(2), 23 

phase boundaries, 2(2), 23 

phase diagram, 2(3), 23-4 

preparation, 2(1), 9; 2(2), 23 

properties, 1(1), 21; 3(1), 24 

radiation effects, 2(2), 23; 2(4), 16; 3(2), 17 

thermal conductivity, 2(1), 9; 2(2), 23 

ultimate strength, 2(1), 9 
Hydrogen-zirconium system 

See also Zirconium hydride 

dilatometric study, 3(2), 16 

hydride precipitation habit plane, 3(4), 23 

phase boundaries, 3(1), 24 

phase diagram, 3(1), 24—5; 3(4), 23 


pressure-composition isotherms, 3(4), 23 
transformation, 3(1), 25—6 


Inco 702, oxidation, 2(4), 23 
Inconel 
See also Chromium -iron-nickel alloys and Stain- 
less steel 
arc spraying with Ca coating, 3(1), 51 
carburization, 1(4), 24; 2(3), 39, 44—5; 2(4), 36 
compatibility with UC, 3(4), 13 
corrosion in, fused salts, 1(4), 24; 2(3), 31; 3(2), 
24 
H,O, 1(2), 32; 2(2), 28—9; 2(3), 30; 3(3), 39 
molten fluorides, (3), 37; 2(1), 31—2; 2(2), 
31—2; 3(1), 35 
N,, 3(3), 39 
NaOH, 1(3), 36—7 
ductility, 2(1), 37-8 
high-temperature oxidation kinetics, 1(3), 35 
high-temperature strength, 2(4), 35-6; 3(1), 45 
oxidation, 2(2), 29; 2(4), 23; 3(4), 32 
plastic-strain cycle effect in Ar, 1(3), 41 
properties, creep, (2), 36—7; §(3), 41—2; 2(3), 39 
fatigue, 3(1), 45 
mechanical, 1(3), 40-1 
rupture, 1(2), 37; 2(3), 39 
radiation effects, 2(4), 22; 3(3), 42-3 
recrystallization, 2(2), 37 
specifications, 2(2), 40 
thermal fatigue, 2(4), 36 
thermal stability, 3(3), 39 
welding to Nb, 1(3), 54 
Inconel 550, thermal-fatigue effects, 2(3), 39, 45 
Inconel 600, corrosion, 3(4), 32 
Inconel 702, corrosion, 3(3), 39; 3(4), 32 
development for cladding, 3(3), 38 
oxidation, 1(1), 33 
radiation effects, 1(1), 39; 1(2), 34; 2(1), 43; 
2(2), 35-6 
thermal stability, 3(3), 39 
Inconel X, corrosion, (3), 35, 37; 3(3), 39; 3(4), 32 
development for cladding, 3(3), 38 
ductility, 2(1), 37-8 
graphite diffusion, 1(3), 24 
oxidation, 1(3), 35; 2(4), 23 
radiation effects, 2(1), 43 
impact properties, 2(2), 36 
mechanical properties, 1(2), 34; 3(3), 42—3 
springs, 1(3), 44; 3(4), 41 
tensile properties, 2(2), 35 
thermal stability, 3(3), 39 
Inconel—fluoride salt systems, corrosion, 1(2), 28 
Inconel-Inconel couples, galling, 3(3), 39 
Inconel-NaK loops, corrosion, 1(2), 28 
Inconel-sodium loops, corrosion, 1(2), 28—9 
Inconel-sodium system, corrosion inhibition, 
1(2), 28 
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Inconel—stainless steel couples, corrosion in H,O, 
2(3), 30 
Inconel tubing, radiation effects, 2(4), 25-7 
Indium-silver-tin alloys, mechanical properties, 
1(3), 30 
Indium-thorium alloys, constitution, 3(2), 5 
Indium-thorium intermetallic compounds, crystal 
structure, 2(3), 10 
Ingots, ultrasonic testing, 1(4), 43 
INOR-8 
See also Hastelloys 
carburization effects, _2(3), 39, 44-5; 2(4), 36 
corrosion in, molten fluorides, 2(1), 31; 2(2), 31- 
2; 3(1), 35 
molten fluorides and graphite, 3(2), 24 
Na and graphite, 3(2), 24 
creep strength, 2(3), 38, 42—3 
fatigue studies, 2(3), 38-9 
heating effects, 2(2), 43-5 
high-temperature strength, 2(4), 35-6; 3(1), 45 
notch effects, 2(3), 38, 43 
oxidation, 2(4), 23; 3(1), 33 
physical properties, 1(3), 40 
welding, (3), 53—4; 2(3), 39, 45, 53; 3(1), 53 
Intermetallic compounds, properties, 3(3), 47 
Interstitials, diffusion, 2(4), 33 
Iridium-thorium system, compound formation, 
1(4), 8 
Iron, corrosion in Li, 2(1), 30-1 
diffusion, 3(2), 36; 3(4), 44 
explosion shock metallographic effects, 3(2), 
49-50 
H absorption, 3(4), 32 
oxidation, 3(2), 36 
radiation effects, 2(3), 33; 3(1), 37; 3(3), 41 
self-diffusivity, 3(2), 35 
solid solubility in Be, 3(3), 31 
solution mass-transfer inhibition, 1(4), 25 
Iron (irradiated), damage recovery, 3(3), 41; 
3(4), 41 
Iron alloys, corrosion in liquid metals, 2(2), 31—2 
glass-bonded refractory coatings, 2(4), 44 
melting, 3(2), 40 
radiation effects, 2(2), 35; 3(1), 37—8, 41 
rare-earth addition effects, 3(2), 34 
Iron—iron boride dispersions, corrosion in H,O, 
2(2), 25 
fabrication, 2(2), 25 
preparation, 2(3), 26 
Iron-manganese alloys, radiation effects, 3(3), 41 
Iron-molybdenum -nickel alloys, corrosion in NaOH, 
1(3), 36 
Iron-molybdenum -nickel-niobium-tin-zirconium 
alloys, corrosion and strength, 3(3), 45 
Iron-molybdenum-nickel-tin-zirconium alloys, 
corrosion, 3(3), 45 
strength, 3(3), 45 
Iron-nickel alloys, corrosion in H,O, 3(3), 39 
oxidation, 2(1), 29; 3(2), 35; 3(3), 38 
radiation effects, 3(3), 41 


Iron-nickel alloys (Zircaloy-2-clad), diffusion heat- 
treatment effects, 3(2), 45 
Iron-nickel-niobium -tin-zirconium alloys, corrosion 
and strength, 3(3), 45 
Iron-nickel-oxygen system, equilibria, 3(2), 35 
Irofi-nickel-tin-zirconium alloys, corrosion and 
strength, 3(3), 45 
Iron-nickel-zirconium alloys, corrosion in steam, 
3(4), 31 
Iron-niobium alloys, recrystallization, 2(2), 35, 37 
Iron oxide, H, reduction, 3(2), 36 
Iron-plutonium alloys, constitution, 1(3), 10 
cubic expansion, 3(3), 12—13 
hardness, 3(3), 14 
oxidation in air and CO,, 3(3), 14 
properties, 3(3), 14 
thermal conductivity, 2(3), 9 
viscosity, 3(3), 12 
Iron-plutonium alloys (molten), corrosion of Ta, 
2(4), 22 
density, 3(2), 5 
Iron-tin-zirconium alloys, constitution, 2(3), 33—4; 
2(4), 30-1 
Sn solubility in ZrFe,, 2(3), 33 
Iron-tungsten alloys, radiation effects, 3(3), 41 
Iron-uranium alloys, equilibrium diagram, 3(1), 
4—5 
properties, 3(1), 2 
Iron-uranium sandwich, diffusion, 2(3), 17 


Iron-yttrium alloys, constitution, 2(3), 35; 3(2), 32 
effects of melting methods and impurities, 3(2), 
40-1 


phase diagram, 3(2), 32-3 

Iron— Zircaloy-2 alloys, H, absorption in H,O and 
steam, 2(3), 28 

Iron-zirconium alloys, oxidation, 1(3), 34 

Isotopes, gauging and nondestructive testing applica- 
tions, 2(1), 51 


K 


K-Monel, corrosion by He under irradiation, 3(3), 40 
radiation effects, (1), 39; 1(2), 34; 2(1), 43; 2(2), 
35-6 
Krypton, properties, 3(3), 40 


Lamb wave inspection, applications, 3(4), 56 
Lanthanum oxide-—uranium dioxide compacts, CaO 
substitution effects on stability, 2(4), 7 
Lanthanum oxide—uranium dioxide solutions, struc- 
ture, (3), 17, 19 
Lanthanum-plutonium alloys, phase diagram, 
3(3), 7, 9 
Lanthanum-yttrium alloys, structure, 3(1), 41 
Lead—lead sulfide system, sulfide equilibria, 
3(2), 35 
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Lead-plutonium alloys, constitution, (3), 10 
Lead-thorium alloys, constitution, 2(1), 11 
solubility studies, 2(2), 10 
Lead-thorium intermetallic compounds, crystal 
structure, 2(3), 10 
Lead-uranium system, liquid immiscibility, 1(1), 3 
Liquids, diffusion, 2(4), 33 
Lithium, corrosion, 1(2), 30; 2(1), 30—1 
radiation effects on stainless-steel corrosion, 
2(4), 22 
Lithium (molten), properties, 3(3), 40 
Lithium fluoride, dislocation sources, 3(2), 27 
radiation-damage etching, 2(1), 18-19 
radiation effects, 1(2), 33; 2(2), 33; 2(4), 10; 
3(4), 39 
radiation-induced defects, 2(1), 40; 3(3), 41 
gas formation, 3(3), 23 
hardening, 3(3), 40—1; 3(4), 39 
Lithium fluoride (irradiated), annealing, 2(1), 40, 
42; 3(4), 39 
Lithium-magnesium alloys, effects of He‘ and H® 
production, 2(2), 15-16 
Lithium-magnesium mixtures, radiation-induced gas 
formation, 3(3), 23 
Lithium uranate, preparation and properties, 2(4), 9 
Lucite, radiation-induced gas formation, 3(3), 23 


M 


Magnesium, corrosion in, air, 1(3), 36 
CO,, 1(3), 36 
H,O, 1(3), 36; 2(2), 28; 3(1), 34 
N,, 2(4), 23 
O,, (3), 36 
organic coolant, 3(1), 35 
polyphenyl, 3(2), 23 
SO,, 1(3), 36 
corrosion inhibition, 2(2), 28; 3(1), 34 
H, absorption in monoisopropylbiphenyl, 2(2), 28 
mechanical properties, 3(3), 32 
nuclear properties, 3(3), 32 
oxidation, 1(3), 36; 2(1), 30; 2(4), 23 
pyrophoricity, (3), 36 
radiation effects, 3(1), 37—8 
reaction with H,O vapor, I(1), 35 


Magnesium (sintered), radiation effects, 3(1), 38-9, 
42 
Magnesium (Zircaloy-2-clad), spontaneous ignition in 
steam, 3(2), 23—4 
Magnesium alloy AZ 61 
See Aluminum-magnesium-manganese-zirconium 
alloys 


Magnesium alloys, Be addition effects on oxidation, 
1(3), 36; 2(3), 30-1; 2(4), 23 
Ca addition effects on oxidation, 2(4), 23 
cladding applications, 1(3), 36 
corrosion in H,O, 1(3), 36; 3(1), 34 
ignition temperatures, 2(4), 23 


oxidation in CO,, 1(3), 36; 2(1), 30 
oxidation in SO,, 1(3), 36 

pyrophoricity, 1(3), 36 

radiation effects, 1(2), 34—5; 3(1), 38, 42 


Magnesium aluminate, corrosion resistance, 2(1), 32 
Magnesium-base dispersions, radiation effects, 
i(1), 15-16 
Magnesium oxide, corrosion resistance to Li, Na, 
and Pb, 2(1), 32 
reaction with PuO,, 3(4), 15 
Magnesium oxide ceramics (fueled), fission-product 
release, 2(2), 15 
Magnesium oxide —plutonium dioxide mixture, reac- 
tions and sintering, 3(3), 21 
Magnesium oxide —uranium dioxide system, fabrica- 
tion, 3(1), 12 
ultrahigh-pressure studies, 3(3), 18 


Magnesium oxide—uranium dioxide — zirconium 
dioxide system, fabrication, 3(1), 12 
Magnesium-plutonium alloys, preparation, 1(4), 7—8 


Magnesium rods (Zircaloy-2-clad), corrosion in 
steam, 3(2), 23 

Magnesium-thorium alloys, liquid immiscibility, 
2(4), 6 


Magnesium-thorium eutectic, corrosion of Nb and 
Ta, 2(4), 22 

Magnesium -thorium-uranium alloys, constitution, 
1(2), 11; §(3), 11 

Magnesium uranate, preparation and properties, 
2(4), 9 

Magnesium-uranium dispersions (Zircaloy-2-clad), 
radiation effects, (2), 12 

Magnesium-zirconium alloys, radiation effects, 
3(1), 38 


Manganese, H, effect in oxide film on corrosion, 
3(3), 21-2 
Manganese-nickel alloys, radiation effects, 3(4), 38 
Materials 
See also Fuel materials, Metals, Refractory ma- 
terials, and Shielding materials 
radiation effects, 3(4), 40 
Mercury, properties, 3(3), 40 
solubility in Th, 2(2), 10 
Metal coatings, scaleup and process improvement, 
3(3), 55 
Metal films, preparation, 3(4), 22 
Metal fuels, preirradiation property effects on 
radiation-induced swelling, 3(3), 23 
Metal hydrides, bibliography, 2(2), 22 
fabrication, properties, reactions, and uses, 
2(4), 15 
Metal-hydrogen system, transformations, 3(1), 25 
Metal hydroxide system, phase diagrams, 3(2), 24 
Metallic fuels, fission damage, 3(2), 7 
fission-gas bubble formation, 2(1), 18 
radiation effects, 2(2), 15 
Metallic fuels (irradiated), X-ray diffraction analy- 
sis, 2(2), 16 
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Metals 

See also Alloys, Ferrous materials, Materials, 
Reactor materials, Refractory metals, Sheet 
metal, Solids, Structural materials, Transition 
metals, and specific metals and alloys 

ceramic coating, 3(4), 53 

cladding, 3(4), 52 

coextrusion with cladding, 2(3), 50 

corrosion resistance to Li, 2(1), 30-1 

corrosion resistance to NaK, 1(3), 37 

diffusion, 2(4), 33 

diffusion bonding, 3(4), 50 

diffusion coating, 3(4), 52 

eddy-current measurement of electrical conduc - 
tivity, 3(1), 54 

explosion forming, 3(1), 51—2; 3(3), 55—6; 
3(4), 54 

explosion welding, 3(3), 56 

flame plating, 3(4), 52 

gas-bubble formation, 1(3), 43 

hard surfacing, 3(4), 52 

hot dipping, 3(4), 52 

inert-gas atom solution, 1(3), 43 

interdiffusion, 3(4), 44 

metallizing, 3(4), 52 

neutron-flux level effects on radiation damage 
accumulation, 3(4), 41 

oxidation, 3(2), 35 

pressure bonding, 1(4), 41 

pressure effects on diffusion kinetics, 1(2), 40 

radiation effects, 1(3), 42—3; 2(2), 35; 3(1), 18, 

37; 3(2), 27; 3(3), 1, 23, 42 

critical shear stress, 2(1), 40 
defect production, 3(4), 40 
hardening, 3(1), 37 
heating, 3(1), 18 
lattices, 3(3), 42 
mechanical properties, 2(3), 33 
vacancy concentration, 3(4), 38 
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corrosion resistance to Li, 2(1), 30-1 
ductile-brittle transition, 2(4), 37 
explosion forming, 3(4), 54 

melting method effects, 3(2), 41 
properties, 3(3), 47 


Metals (transition), radiation effects, 3(4), 38 
Moderator materials, radiation effects, 3(3), 1 


summary, 3(4), 2 


Molds, coating, 2(2), 55; 3(2), 39 
Molybdenum, brazing, 2(3), 53 


casting, 3(3), 51 
cladding, 1(3), 35; 2(1), 46 
coatings, 1(2), 41; 2(1), 29, 49; 2(2), 30—1; 2(3), 
29— 30; 2(4), 21; 3(4), 53 
coextrusion with stainless-steel cladding, 2(3), 50 
compatibility with fissium-Pu-U alloys, 3(4), 8-9 
corrosion resistance to NaK, 1(3), 37 
creep-rupture properties, 3(3), 46 
diffusion bonding, 3(3), 53 
diffusion with, B, 2(2), 37 
C, 2(2), 37 
Nb, 3(4), 44 
Si, 3(2), 36 
U, 2(2), 38 
explosion welding, 3(4), 55 
fatigue properties, 3(1), 45 
forging, 2(4), 41 
oxidation, 1(1), 33; 1(3), 35; 2(1), 29; 3(4), 34 
oxidation protection, (2), 32; 1(4), 22 
pressure bonding, 2(1), 46; 3(2), 44; 3(4), 50 
pressure cladding, 2(1), 46 


* pressure self-bonding, 2(2), 49; 3(1), 50 


radiation effects, (2), 33; 1(4), 37; 2(1), 40; 
2(2), 33; 3(1), 37; 3(2), 26 

self-bonding by gas pressure, 2(2), 49; 3(1), 50 

SiN deposition on, 3(2), 47 

solid-phase pressure bonding, 3(2), 44; 3(4), 50 

tensile behavior, 3(1), 45 

welding, 1(3), 54; 2(3), 53; 3(4), 55 


radiation-induced changes, 3(1), 37 Molybdenum (irradiated), annealing and damage re- 
reactions with H,O, 1(4), 25; 3(4), 35-7 covery, (2), 33; 2(1), 40; 2(2), 33—4; 2(3), 32; 
self-diffusion, 3(2), 35 3(3), 41; 3(4), 38, 41 
small-angle X-ray scattering studies, 3(2), 25-6 Molybdenum (type 310 stainless-steel-clad), welding, 
surfacing, 3(4), 52 3(3), 53 
temperature measurement by eddy-current meth- Molybdenum alloys, compatibility with process equip- 
ods, 3(1), 54 ment, 2(4), 41 
thermal properties, 2(3), 23 electroplated coatings, 3(4), 53 
ultrasound attenuation, 2(3), 53-—4 fabrication, 2(4), 41 
volume measurement, 1(4), 43 oxidation, 3(4), 34 
Metals (ceramic-coated), behavior under stress, properties, 2(4), 41 
2(3), 52 recrystallization temperatures, 2(4), 41 
Metals (molten), corrosion, (4), 23-4 strength, 2(4), 41 
reactions in Bi and Na, 2(4), 22 Molybdenum boride, properties, 3(4), 34 
reactions with H,O vapor, 3(2), 9 Molybdenum carbide, properties, 3(4), 34 
technology, (3), 38; 3(3), 40 Molybdenum-cermet dispersions, development, 
Metals (noble), radiation effects, 2(2), 33; 3(4), 40 2(3), 12 
Metals (precious), resistance to corrosion by Li, Molybdenum fibers, utilization in fuel elements, 
2(1), 30-1 3(3), 52 


Metals (refractory), bibliography, 2(3), 45 Molybdenum fuel systems, pressure bonding, 2(4), 
compatibility with UO,, 3(4), 12 42 
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Molybdenum-nickel alloys, carburization, 1(4), 24 
creep properties, 2(1), 36, 38 
* mechanical properties, (4), 32—5 
oxidation, 1(4), 23 
relaxation curves, 2(1), 36—7 
tensile properties, 2(1), 36-—8 
weld cracking effects, 2(2), 55 
Young’s modulus temperature dependence, 2(1), 
36—7 
Molybdenum -nickel-titanium carbide cermets, elec- 
trodeposited Ni coating, 1(1), 28-9 
Molybdenum-niobium alloys, tensile properties, 
3(3), 46—7 
Molybdenum -niobium-thorium alloys, oxidation 
weight gain, 1(3), 34 
Molybdenum -niobium-thorium-titanium alloys, 
oxidation resistance, 1(3), 34 
Molybdenum -niobium-titanium alloys, corrosion, 
3(4), 32 
tensile properties, 2(4), 38 
Molybdenum -niobium-titanium-tungsten-zirconium 
alloys, composition, oxidation, and strength, 
2(4), 21 
Molybdenum -niobium-tungsten-zirconium alloys, 
composition, oxidation, and strength, 2(4), 21 
Molybdenum-niobium-uranium alloys, corrosion, 
3(2), 3—4; 3(4), 6 
radiation effects, 3(4), 6 
Molybdenum-niobium-uranium alloys (clad), corro- 
sion, 3(4), 6 
radiation effects, 3(4), 6 
Molybdenum -niobium-uranium-zirconium alloys, 
corrosion in H,O, 1(4), 2—3 
Molybdenum-niobium-zirconium alloys, tensile prop- 
erties, 3(3), 46—7 
Molybdenum nitride, properties, 3(4), 34 
Molybdenum oxide, properties, 3(4), 34 
Molybdenum -plutonium-uranium alloys, compatibility 
with stainless steel, 3(3), 14 
constitution, 3(3), 10-11 
ductility, 3(3), 11 
fabrication, 1(2), 10; 3(3), 10-11 
hot hardness, 3(3), 14 
metallurgical properties, 1(1), 9 
oxidation in air and CO,, 3(3), 14 
phase-transformation kinetics, 3(3), 11 
properties, 3(3), 14 
radiation effects, 1I(1), 9 
reaction with stainless steels, 3(3), 12 
thermal expansion, 1(2), 10 
Molybdenum powder, vacuum evaporated, coatings, 
2(3), 52 
Molybdenum-ruthenium-uranium alloys, corrosion, 
1(4), 5 
Molybdenum silicide, corrosion resistance to Na, 
2(1), 32 ; 
Molybdenum-silicon-uranium alloys, properties, as- 
cast, 2(4), 2 
mechanical, 3(1), 2; 3(3), 3 
metallurgical, 3(3), 3 


Molybdenum -silicon-uranium alloys (Al-clad), radia- 
tion effects, 3(3), 3 
Molybdenum -silicon-uranium-vanadium alloys, corro- 
sion in H,O, 1(4), 2—3 
Molybdenum -silicon-uranium -vanadium -zirconium 
alloys, corrosion in H,O, 1I(4), 2—3 
Molybdenum-thorium alloys, constitution, 1(2), 11 
Molybdenum-tin-zirconium alloys, corrosion, 
3(3), 45 
strength, 3(3), 45 
tensile properties, 2(2), 40 
Molybdenum-uranium alloy fuel elements (Ta-clad), 
coextrusion and swaging, 2(1), 47 
Molybdenum-uranium alloy fuel pellets, development, 
3(4), 6 
Molybdenum-uranium alloy fuel pins (Zr-clad), 
diffusion-layer growth, 2(1), 5 
preparation, 2(2), 5—6 
Molybdenum-uranium alloy fuel rods (Zircaloy-2- 
clad), coextrusion, 3(2), 3 
Molybdenum-uranium alloy fuel rods (Zr-clad), 
specification conformance, 1(4), 5 
Molybdenum-uranium alloy fuel slugs, coating with 
Cr and Mo, 3(3), 55 
Molybdenum -— uranium alloy—uranium dioxide dis- 
persion, development, fabrication, and radiation 
effects, 2(3), 12 
Molybdenum-uranium alloys, alpha-beta cycling, 
1(3), 2—3 
annealing effects, 3(4), 6 
behavior summary, 2(4), 3 
bibliography, 1(2), 5 
burnup effects, 2(2), 5 
casting, 1(1), 8; 1(2), 5 
coextrusion with cladding, 2(2), 51; 2(3), 54; 
3(2), 45 
compatibility with stainless steel, 3(4), 6—7 
constitution, 2(3), 4—5 
corrosion, (2), 4—5; (3), 20; 1(4), 5; 3(4), 5-6 
crystal structure, 3(4), 4 
deformation effects, 3(4), 5 
diffusion, 3(1), 3; 3(3), 44 
elasticity modulus, 2(2), 5 
electrical resistivity, 3(3), 3-4 
enrichment effects, 2(1), 4—5 
fabrication, 1(3), 5; 2(1), 5 
fuel for CO,-pressurized reactor, 2(2), 5 
Hall effect, 3(3), 3 
hardness, 1(4), 5 
heating, (3), 5; 2(2), 5; 2(3), 4—5 
interlamellar spacing effects, 2(1), 4—5 
lattice parameters, 1I(1), 6 
magnetic susceptibility, 2(1), 5 
melting, (3), 5 
metallurgy, (3), 5 
order-disorder reaction, 2(2), 5 
oxidation, 2(4), 3; 3(1), 3 
oxide orientation, 3(4), 6 
phase transformation, 2(3), 2; 2(4), 3; 3(4), 4, 6 
plastic reductions, 3(4), 4—5 
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Molybdenum-uranium alloys (Continued) 
processing, 1(3), 5 


properties, addition effects, 1(4), 5; 2(1), 6; 2(3), 6 


as-cast, 2(4), 2 
creep-rupture, 1(1), 5 
mechanical, 1(3), 3; 1(4), 5; 2(1), 5; 2(3), 2; 
3(2), 4—5; 3(3), 3 
metallurgical, 3(3), 3 
physical, 2(1),5 
summary, 2(3), 4—6 
thermal, 1t(1), 5; #(3), 5; 1(4), 5 
radiation effects, 1(1), 38; 1(2), 4—5; 1(3), 3, 5; 
1(4), 4—5; 2(1), 4—5, 16-17; 2(2), 5; 3(1), 2-4; 
3(2), 7; 3(4), 5-7 
stability, 1#(4), 5; 2(2), 5; 2(3), 6; 3(3), 3-5; 
3(4), 6 
strength, 2(3), 2 
thermal-cycling effects, 3(3), 3 
true stress—true strain curves, 2(2), 5 
U,Mo phase, 3(3), 4 
vacancy agglomeration inhibition, 2(1), 16 
Molybdenum-uranium alloys (Al-clad), radiation ef- 
fects, 3(3), 3 
Molybdenum-uranium alloys (clad), corrosion, 
3(4), 6 
Molybdenum-uranium alloys (irradiated), reversion, 
2(4), 9 
Molybdenum-uranium alloys (Zircaloy-2-clad), cor- 
rosion, 1(3), 4—5 
Molybdenum-uranium alloys (Zr-clad), interdiffusion, 
2(2), 39 
Molybdenum-uranium compacts, radiation-induced 
dimensional changes, 3(2), 3 
Molybdenum —uranium dioxide cermets, pressure 
bonding, 3(4), 50 
Molybdenum—uranium dioxide dispersions, fabrica- 
tion, 2(2), 11; 2(3), 11 
properties, 2(2), 11 


Molybdenum —uranium nitride dispersions, chemical 
reactions, 1(4), 9 
fabrication, 2(2), 11 
properties, 2(2), 11 
Molybdenum-uranium powder compacts, radiation 
stability, 3(1), 3; 3(4), 5 
Molybdenum-—uranium silicide dispersions, chemical 
reactions, 1(4), 9 
Molybdenum-uranium-zirconium alloys, alpha-beta 
thermal cycling, 1(1), 3 
corrosion inH,0, 1(4), 2—3 
Monel, corrosion, 3(4), 32 


NaK 
See Potassium-sodium alloys (molten) 
Neptenium-plutonium alloys, phase diagram, 3(3), 
7-8 
Nichrome cylinders, explosion forming, 3(2), 50-1 


Nichrome-uranium eutectic alloy (molten), contain- 
ment in oxidized Nb-U alloy crucible, 1(3), 48 
Nichrome V 
See Chromium-nickel alloys 
Nickel, arc spraying with Ca coating, 3(1), 51 
eorrosion, (1), 34; 2(1), 30—1; 3(3), 40 
creep-rupture properties, 1(4), 33, 35 
defect production, 2(1), 40 
diffusion with, Al, 3(2), 36 
Mg, 3(2), 36 
Nb, 3(4), 44 
Si, 3(2), 36 
U, 3(3), 44 
Zr, 3(2), 36 
eddy-current cold-work measurement, 1(3), 54 
electrodeposited coating on cermet, 1I(1), 28-9 
H absorption, 3(4), 32 
oxidation, I(1), 33 
radiation effects on, crystal structure, 3(3), 41 
K absorption, 3(4), 38 
magnetic properties, 3(4), 38 
mechanical properties, 2(2), 33—4; 3(1), 39 
vacancy clusters, 3(2), 27 
reactions with Ni, 1(2), 32-3 
solid solubility in Be, 3(3), 31 
stress-rupture properties, 1(3), 35 


Nickel (A), corrosion, 3(4), 32 
properties, 2(3), 35 
Nickel (A-286), 2(3), 35—6 
Nickel (irradiated), annealing and damage recovery, 
2(1), 40; 3(3), 41; 3(4), 41 
electrical resistivity recovery, 3(2), 26 
Nickel alloys, corrosion, 1(3), 36; 1(4), 23; 2(1), 
30—1; 3(4), 32 
electroless coatings, 2(3), 52; 3(4), 52 
heat-treatment effects on microstructure and high- 
temperature properties, 2(3), 35 
melting, 3(2), 40 
oxidation, (2), 32; 3(3), 39 
radiation effects, 2(2), 35; 3(1), 37-8 
refractory coatings, 2(4), 44 
Nickel films, radiation effects, 3(4), 39 
Nickel-niobium alloys, recrystallization, 2(2), 35, 37 
Nickel oxide, radiation effects, 2(2), 33 
Nickel-plutonium alloys, crystal structure, 1(2), 9; 
3(3), 7 
Nickel-plutonium intermetallic compounds, crystal 
structure, 2(3), 9 
Nickel— sodium hydroxide system, Ni mass transfer, 
1(3), 35 
stress corrosion, 1(3), 35 
Nickel-uranium alloys, diffusion, 3(2), 3; 3(4), 43 
Nickel—uranium dioxide dispersions, explosion com- 
paction, 3(2), 51 
Nickel-uranium-zirconium alloys, corrosion in H.O, 
1(4), 2—3 
Nickel-yttrium alloys, constitution, 2(3), 35 
phase diagram, 3(2), 32-3 
Nickel-yttrium ternary alloys, eutectic, 2(1), 34 
Nickel-zirconium alloy hydrides, structure, 3(1), 24 
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Nickel-zirconium alloys, constitution, 2(4), 31 
crystal structure, 2(4), 31 
hydriding, 1(3), 27 
lattice parameters, 2(4), 31 
Nicral D, oxidation, 3(2), 23 
Niobium, annealing, 1(2), 37 
cage zone melting, 2(3), 48—9 
coatings, Cr-Ni, 3(3), 37 
electroplated, 3(4), 53 
LM-5, 3(3), 37 
ZN, 3(3), 37; 3(4), 52 
coextrusion with stainless-steel cladding, 2(3), 50 
compatibility with fissium-Pu-U alloys, 3(4), 8-9 
corrosion, 
3(2), 22; 3(3), 37; 3(4), 30 
creep rupture, 2(3), 43, 45 
development for cladding, 3(3), 38 
diffusion bonding, 2(3), 17; 3(3), 53 
diffusion with, B, 2(2), 37 
C, 2(2), 37 
Cr, 3(4), 44 
Fe, 3(4), 44 
Mo, 3(4), 44 
Ni, 3(4), 44 
stainless steel, 3(4), 44 
U, 2(2), 28 
ductile-brittle transition, 2(4), 37 
ductility, 2(3), 45 
elastic modulus, 1(3), 42; 2(3), 43 
electrical resistivity, 2(4), 31-2 
fabrication, 2(3), 49; 3(1), 48 
H, diffusion coefficient, 1(3), 35 
H, solubility in, 2(3), 24 
ignition temperature, 3(4), 30 
ingot production, 2(3), 49 
mechanical properties, 2(3), 43; 3(2), 20; 3(3), 47 
melting, 2(3), 48-9 
N, diffusion, 2(4), 33 
N, solubility, 2(4), 33; 3(1), 32 
oxidation, 1(1), 33; 1(2), 31—2; 1(3), 34; 1(4), 22; 
2(2), 30; 2(3), 29; 3(1), 32; 3(3), 37; 3(4), 30, 34 
physical properties, 2(3), 43; 3(3), 47 
preparation, 2(3), 48—9; 3(3), 54-5 
pressure bonding, 3(2), 44; 3(4), 50 
pressure self-bonding, 2(2), 49; 3(1), 50 
protective coatings, 2(1), 29; 2(2), 55; 3(3), 37 
radiation effects, 2(2), 33—4; 3(2), 27; 3(4), 38 
reactions with CO and CO,, 3(4), 30 
reaction with H,, 1(3), 35 
reaction with N,, 2(4), 33; 3(1), 32; 3(2), 22 
reaction with UC in Ar, 3(3), 20 
recrystallization, 2(2), 35, 37; 2(3), 43 
rupture strength of annealed, 2(1), 39 
self-diffusion, 2(1), 34; 3(2), 35-6 
tensile properties, 2(3), 43, 46; 3(2), 30 
thermal conductivity, 2(4), 31—2 
thermal-expansion coefficient, 2(4), 31 
thermal properties, 3(2), 32 
utilization in fuel elements, 3(3), 52 
vacuum deposition, 3(3), 54 


1(2), 29; 2(3), 29; 2(4), 22, 33; 3(1), 32; 


vapor-deposited coating on stainless steel, 
1(1), 28 

welding, 1(3), 54 

yield strength, 2(3), 43 

Zn coating, 3(3), 37 


Niobium (type 310 stainless-steel-clad), welding, 
3(3), 53 


Niobium alloys, compatibility with UC, 3(4), 13 
corrosion, 2(2), 30; 2(4), 21; 3(2), 22; 3(3), 37 
electroplated coatings, 3(4), 53 
fabrication, 3(3), 51 
mechanical properties, 1(2), 37; 3(3), 47 
Nb oxide production, 3(2), 22 
oxidation, (1), 33; 1(2), 31—2; 1(3), 34; 2(1), 28 

9; 3(1), 32; 3(4), 34 
physical properties, 3(3), 47 
protective coatings, 3(3), 37 
recrystallization, 2(2), 35, 37 
strength, 3(2), 30 
tensile properties of annealed, 2(1), 39 
welding, 2(3), 53; 3(3), 58 


Niobium alloys— Zircaloy-2 couples, diffusion, 2(3), 
17 
Niobium boride, properties, 3(4), 34 
Niobium boride-— stainless steel dispersions, prepa- 
ration and properties, 2(3), 26—7 
Niobium carbide, properties, 3(4), 34 
vapor-deposited coating on graphite, 1(1), 28 
Niobium-carbon system, constitution, 3(1), 39 
Niobium-cermet dispersions, development, 2(3), 12 
Niobium crystals, cleavage and twinning, 3(2), 32 
Niobium fuel systems, pressure bonding and cladding, 
2(1), 46 
pressure self-bonding, 2(4), 42 
Niobium hydride, activation energy, 1(3), 27 
H, diffusion coefficient, 1(3), 27 
phase studies, 1I(1), 21 
properties, 1(4), 15 
Niobium hydride (annealed), martensitic phase trans- 
formation, 3(2), 17 
metallographic studies, 3(2), 16-17 
Niobium nitride, properties, 3(4), 34 
Niobium oxide, properties, 3(4), 34 
transformation, 2(3), 29 
Niobium-oxygen system, constitution, 3(1), 39 
Niobium pentoxide, transformation, 3(3), 37 
Niobium-rhenium alloys, recrystallization, 2(2), 35, 
37 
Niobium-tantalum alloys, solid solutions, 2(1), 34 
Niobium-tin-uranium alloys, radiation effects on 
corrosion, 1(3), 3; 3(4), 5 
Niobium-tin-zirconium alloys, corrosion in H,O and 
steam, 3(4), 31 
mechanical properties, 3(3), 45 
tensile properties, 3(4), 42 
Niobium-titanium alloy—uranium nitride dispersions, 
chemical reactions, 1(4), 9 
Niobium-titanium alloy—uranium silicide disper- 
sions, chemical reactions, 1(4), 9 
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Niobium-titanium alloys, oxidation resistance, 
2(1), 28-9 
strength, 3(3), 46 
Niobium-titanium-uranium alloys, corrosion in H,O, 
2(3), 3 
Niobium-titanium-uranium diffusion couples, bonding 
effects on interaction, 2(4), 33-4 
Niobium-titanium-vanadium alloys, oxidation, 
1(3), 34 
Niobium-titanium-zirconium alloys, oxidation re- 
sistance, 2(1), 29 
tensile propertiés, 2(4), 38 


Niobium -tungsten alloys, oxidation, 1(3), 34 
recrystallization, 2(2), 35, 37 
strength, 3(3), 46 


Niobium-uranium alloy diffusion couples, phase 
study, 3(3), 4 

Niobium-uranium alloy sheet, oxide orientation, 
3(4), 6 

Niobium-uranium alloys, age hardening, 2(3), 4 
C removal, {f(1), 5 
cast structure breakdown, 2(2), 8 
constitution, 1(2), 4; 1(4), 3; 2(3), 16-17; 2(4), 3 
corrosion, 1t(1), 8, 25, 35; 1(4), 4; 2(1), 6, 9; 

2(3), 4; 2(4), 5; 3(1), 3—4; 3(4), 5-8 

diffusion, 2(3), 16—17; 3(3), 44 
electrical resistivity, 3(3), 3—4; 3(4), 8 


fabricability, mechanical and physical properties, — 


2(1), 9 

fabrication, 1(1), 8; 1(2), 39—40; 1(4), 3; 2(3), 8 

Hall effect, 3(3), 3 

hardness, 1(4), 4; 2(2), 8 

homogenization, 1(4), 3 

melting, 1(4), 3 

miscibility gap, 3(3), 4 

oxidation, 1(4), 4; 2(3), 8 

physical properties, 3(1), 3 

preparation, 1(2), 4 

processing, 1(3), 4 

production, I(1), 25 

properties, 1(3), 4; 2(1), 6; 2(3), 6 

radiation effects, 1(1), 3, 38; 2(1), 9; 3(1), 3; 
3(4), 5-6 

radiation-induced phase changes, 1(4), 4; 2(1), 4; 
2(2), 5; 2(3), 3; 2(4), 3; 3(1), 3; 3(2), 7 

radiation-induced swelling, 2(4), 10; 3(4), 5-6 

segregation, (4), 3—4; 2(2), 47 

stability, (3), 5; 2(3), 6 

tensile properties, 2(4), 5; 3(3), 6; 3(4), 7—8 

thermal cycling, 1I(1), 3 

thermal stability, 1(3), 5 

U diffusion, 3(3), 44 

X-ray diffraction studies, 2(2), 5 

Niobium-uranium alloys (clad), corrosion and radia- 
tion effects, 3(4), 6 
Niobium-uranium alloys (irradiated), electrical re- 

sistivity, 2(4), 3 

transformation, 2(3), 3 

X-ray diffraction studies, 2(4), 3 


Niobium-uranium alloys (Mo-clad), fabrication, 1(4), 4 
Niobium-uranium alloys (molten), effects of C and O, 
content, (3), 47-8 
Niobium-uranium alloys (stainless-steel-clad), roll- 
ing, 1(4), 4 
Niebium-uranium alloys (Zircaloy-2-clad), corrosion 
in H,O, 2(1), 6 
Niobium-uranium couples, concentration-penetration 
curves for diffusion, 2(4), 3 
Niobium—uranium dioxide cermets, pressure bond- 
ing, 3(4), 50 
Niobium—uranium dioxide dispersions, development, 
2(3), 12 
fabrication, 2(2), 11; 2(3), 11 
properties, 2(2), 11 
Niobium -—uranium nitride dispersions, chemical 
reactions, 1(4), 9 
fabrication, 2(2), 11 
properties, 2(2), 11 
Niobium—uranium silicide dispersions, chemical 
reactions, 1(4), 9 
Niobium-uranium ternary alloys, corrosion in H,O, 
2(1), 6 
transformation kinetics, 1(1), 5 
Niobium-uranium ternary alloys (Zircaloy-2-clad), 
corrosion in H,O, 2(1), 6 
Niobium-uranium-vanadium diffusion couples, bond- 
ing effects on interaction, 2(4), 33-4 
Niobium-uranium-vanadium sandwiches, bonding and 
diffusion, 2(3), 17 
Niobium-uranium-zirconium alloy cores, roll cladding 
with Zircaloy-2, 1(3), 49—50 
Niobium-uranium-zirconium alloy platelets (clad), 
corrosion in H,O, 2(3), 4 
Niobium-uranium-zirconium alloys, constitution, 
1(2), 4 
corrosion, 14(1), 35; 1(2), 5; 1(3), 3—4, 6; 1(4), 2- 
3; 2(3), 3—4; 3(1), 3 
hot hardness, 1(3), 6 
miscibility gap, 3(3), 4 
physical properties, 3(1), 3 
radiation effects, 1(3), 3; 2(2), 5; 2(3), 4—5; 3(1), 3 
tensile properties, 2(2), 7—8 , 
transformation, 2(2), 5; 2(3), 3—4; 3(1), 3 
Niobium-uranium-zirconium alloys (irradiated), 
transformation, 2(3), 3 
Niobium-uranium-zirconium alloys (Zircaloy-2-clad), 
corrosion in H,O, 2(3), 4 
Niobium-vanadium alloys, corrosion, 3(2), 22; 
3(3), 37; 3(4), 30 
properties, 3(2), 22, 30; 3(3), 46—7 © 
UO, dispersion matrix properties, 3(1), 9 


. Niobium-vanadium-zirconium alloys, tensile prop- 


erties, 3(2), 30; 3(3), 46—7 
Niobium-zirconium alloy—uranium dioxide disper- 
sions, development, 2(3), 12 
Niobium-zirconium alloys, aging transformation, 
3(2), 35 
cold-rolling effects, 3(4), 43 
corrosion, 2(4), 21; 3(3), 40; 3(4), 31 










Niobium-zirconium alloys (Continued) 
creep properties, 3(3), 45 
heat-treatment effects, 1(4), 26; 3(4), 43 
mechanical properties, 2(3), 39, 42 
oxidation, 3(1), 32; 3(2), 22 
radiation effects, 3(1), 37 
tensile properties, 2(2), 40; 2(4), 37—8; 3(3), 46- 

7; 3(4), 42 
transformation, 3(1), 39; 3(2), 35 
UO, dispersion matrix properties, 3(1), 9 
weldability, 2(3), 53 

Nitrides, compatibility with UO,, 3(4), 12 
properties, 3(3), 47 

Nitrogen-thorium alloys, preparation, 3(4), 9 

Noble metals 

See also Metals 
radiation effects, 2(2), 33; 3(4), 40 
Nondestructive testing 
See also specific materials and methods 
applications, 1(2), 42; 3(3), 58 
bibliographies, 1(2), 41 
development, 3(2), 51 
equipment calibration, 1(3), 54—5 
limitations, 1(2), 42 
methods, 1(3), 54—5 
techniques, 1(2), 42 
Nonferrous alloys, rare-earth applications, 3(2), 34 


oO 


Organic materials, radiation effects, 3(3), 1 
Osmium-thorium system, compound formation, 
1(4), 8 
Oxide fuel elements, bonding and swaging with clad- 
ding, 3(3), 52-3 
Oxides, compatibility with UO,, 3(4), 12 
properties, 3(3), 47 
radiation damage, 2(4), 11 
Oxygen-plutonium system, heats of formation of 
oxides, 1(3), 19 
Oxygen-thorium system, Young’s modulus, 2(3), 10 
Oxygen—uranium dioxide system, structure, 1(3), 14 
Oxygen-uranium system, diffusion, 3(4), 43 
electrical properties, 2(2), 12 
emissivity, 2(2), 12 
literature review, 3(3), 17 
melting points, 2(2), 12 
structure, 2(2), 12 
Oxygen-uranium-zirconium system, constitution, 
1(3), 9 
Oxygen-vanadium system, stress relaxation, 3(2), 
36 
Oxygen-zirconium alloys, deformation modes, 
1(3), 38 


P 


Palladium, solid solubility of Uin, 1(1), 7 
Palladium-uranium alloys, phase diagrams, 2(3), 9 
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Perspex, gas-bubble formation, 1(2), 17 
Phosphorus (liquid), properties, 3(3), 40 
Phosphorus-bearing materials, corrosion by Na, 
3(3), 40 
Plastics, radiation effects, 2(3), 33 
radiation-induced gas formation, 3(2), 7; 3(3), 23 
Plating, nonelectrolytic chemical techniques, 2(3), 
52 
Platinum, defect production, 2(1), 40 
radiation effects, 2(2), 33; 3(4), 37 
U solubility in, 2(2), 8 
vacuum deposition, 3(3), 54 
Platinum (irradiated), annealing, 2(1), 40; 3(2), 26 
Platinum-uranium alloys, eutectics, 2(2), 8 
intermetallic compound formation, 2(2), 8 
Platinum-uranium-zirconium alloys, corrosion in 
H,O, 1(4), 2—3 
Plutonium, alloying behavior, 3(3), 8, 10 
casting, 3(3), 14—15 
cathodic vacuum etching, 3(3), 11 
coatings, 1(3), 10 
conversion from Pu nitrate, 3(3), 14 
coreduction, 1(4), 7 
corrosion, 2(2), 9 
crystal properties, 2(3), 9 
cubic expansion. 3(3), 12 
data manual, 3(2), 4 
deformation during fracturing, 2(2), 14 
density, 2(3), 9 
distortion during cooling, 3(3), 15 
elastic constants, 3(3), 13-14 
electrical resistivity, 2(2), 8 
film production, 1{(1), 10 
formability, 3(3), 14 
impurity removal, 3(3), 14 
mechanical properties, 3(3), 14 
melting, 3(3), 14-15 
oxidation, 3(3), 12 
phase transformation, 2(1), 9-10; 2(2), 8—9; 
3(3), 11 
preparation of high-purity, 3(3), 15 
production, 3(1), 5; 3(3), 14 
pyrophoricity, 1(3), 20 
radiation effects, 3(1), 17 
research, 3(4), 8 
rolling, 3(3), 15 
structure of alpha, 1(3), 9 
tensile properties, 3(3), 15 
thermal conductivity, 2(2), 8—9 
thermal-cycling effects, 3(3), 6 
X-ray mass-absorption coefficients, 1(3), 9 
zone refining, 1(2), 8; 2(1), 9 
Plutonium (as-cast), tensile properties, 2(2), 8 
Plutonium (delta-annealed), tensile properties, 
2(2), 8 
Plutonium (electrolytic), analyses, 3(1), 5 
Plutonium (molten), density, 3(2), 5 
Plutonium alloys, corrosion, 2(2), 9 
delta-phase retention, 3(3), 11 
radiation effects, 3(1), 17 
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Plutonium alloys (Continued) 
research, 1(1), 9 
thermal-cycling effects in Na, 3(1), 5-6 
thermal expansion, 3(3), 12, 14 
Plutonium carbide —silicon carbide system, oxidation 
resistance, 2(3), 15 
Plutonium carbides 
See also Plutonium monocarbide 
formation, 3(3), 21 
hydrolyzation, 2(1), 15 
nelting point, 3(3), 21 
preparation, 2(1), 15 
published data, 3(4), 13 
Plutonium carbides (diluted), physical and chemical 
stabilities, 2(3), 15 
Plutonium dioxide, free energy of formation, 3(3), 16 
melting, 3(4), 15 
microstructure, 3(1), 12 
reactions with, Al,O;,, 3(4), 15 
C, 3(3), 21; 3(4), 15 
MgO, 3(4), 15 
Ta, 3(3), 12 
ZrO,, 3(4), 15 
stability in H,, 3(4), 15 
thermal expansion, 1(3), 19; 3(2), 7; 3(3), 12, 21 
Plutonium dioxide (molten), lattice parameter, 3(3), 
19 
Plutonium dioxide ceramics, sintering in H,, 3(1), 
11 


Plutonium dioxide— thorium dioxide system, X-ray 
diffraction studies, 2(3), 15 
Plutonium dioxide—uranium dioxide ceramics, 


fabrication, 1(3), 14 
Plutonium dioxide—uranium dioxide mixtures, radia- 
tion effects, 1(2), 15 
sintering, 3(3), 16; 3(4), 13 
Plutonium dioxide—uranium dioxide pellets, radiation 
effects, (3), 17 
Plutonium dioxide—uranium dioxide powder (canned), 
radiation effects, 3(3), 19 
Plutonium dioxide— uranium dioxide system, diffrac - 
tion studies, 3(3), 19 
phase studies, 3(3), 19 
solid solubility, 2(3), 15 
Plutonium dioxide —uranium dioxide system (Zircaloy- 
2 canned), radiation effects, 2(3), 14 
Plutonium dioxide— zirconium dioxide mixture, reac- 
tions and sintering, 3(3), 21 
Plutonium disks, canning in Ni, 3(3), 15 
fabrication, 3(3), 14 
Plutonium fission alloys, coefficient of expansion and 
phase transformation, 2(3), 9 
Plutonium monocarbide 
See also Plutonium carbides 
crystal strucéure, 2(1), 15 
fabrication, 3(4), 15 
preparation, 3(4), 15 
Plutonium monocarbide—uranium monocarbide mixed 
fuels, fabrication, 3(3), 21 
Plutonium nitrate, conversion to Pu metal, 3(3), 14 


Plutonium nitride, crystal structure and density, 
3(1), 5 


Plutonium oxides, crystal structures, 2(1), 15 
formation, 1(3), 19 
preparation, 2(1), 15 
solubility in acids, 2(1), 15 
volatility, 3(3), 12 


Plutonium oxides (diluted), chemical and physical 
stabilities, 2(3), 15 


Plutonium-ruthenium alloys, phase diagram, 3(3), 8 
Plutonium salts, microscopic study, 3(1), 12 


Plutonium-silicon alloys, preparation, 1(4), 7 
Plutonium slugs, canning with type 304 stainless 
steel, 3(4), 52 


Plutonium solid-solution alloys, thermal expansion, 
3(3), 12, 14 
Plutonium suboxide, preparation, 3(2), 7 


Plutonium-thorium alloys, constitution, 1(2), 9, 11; 
1(3), 10; 2(1), 10—11 

hardness, 1I(1), 10; 3(3), 14 

oxidation, 3(3), 14 

physical properties, 
preparation, 1(4), 7 
properties, 3(3), 14 
radiation effects, 1(1), 10 


Plutonium-titanium alloys, constitution, 
phase diagram, 3(3), 7—8 
Plutonium-uranium alloys, constitution, 2(1), 10 
development, 1(3), 10 
hardness, 3(3), 14 
oxidation, 3(3), 14 
preparation, 1(4), 7 
properties, 3(3), 14 
radiation effects, 2(1), 10 
Plutonium-uranium alloys (Ni-plated), radiation di- 
mensional stability, 2(2), 9 
Plutonium-zinc alloys, constitution, 1(2), 9; 1(4), 8 
phase diagram, 2(4), 5 
Plutonium-zirconium alloys, corrosion, 2(2), 9 
fabrication, 1(2), 9 
hardness, 3(3), 14 
oxidation, 1(3), 34; 3(3), 14 
phase diagram, 3(3), 6—8 
properties, 3(3), 14 
radiation effects, 3(4), 9 
Poison-containing materials, neutron absorption, 
3(1), 29-30 
Polymethyl methacrylate, gas-bubble formation, 
1(2), 17 
Potassium (liquid), properties, 3(3), 40 
Potassium-sodium alloys (molten), corrosion of 
stainless steels, 2(3), 31 
reaction with H,O, 1I(1), 35 
UO, powder slurry behavior in, 2(3), 31 
Potassium uranate, preparation and properties, 
2(4), 9 
Powder, explosion compaction, 3(2), 49 
Precious metal a!'%ys, corrosion by Na, 3(3), 40 


1(1), 9-10 


1(2), 9 
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Precious metals 
See also Metals 
corrosion resistance to Li, 2(1), 30-1 
Pressure bonding 
See also Diffusion and specific materials bonded 
applications, 2(3), 49 
description, 2(3), 49 
development, 1(3), 50—1; 2(1), 46 
gold contacts, !(1), 27; 1(2), 41; 1(3), 51 
interface formation, 2(3), 50 
kinetics, 2(4), 42-3 
Ni-plated U with Al, 1I(1), 26 
Ni-plated U with Zr, 1!(1), 26-7 
solid state, 2(4), 42—3 
stainless steel—UO, assemblies with stainless 
steel, (1), 27 
studies, 1(2), 40; 1(3), 51; 2(1), 46 
technique, 3(2), 43-4 
U fuel elements, 1(1), 26 
UO, with Zircaloy, 1(1), 27 
U-U-Zircaloy subassemblies, 1i(1), 27 
Zircaloy methods, 1(3), 50 
Pulse type inspection units, applications, 3(4), 56 


Q 


Quartz, radiation effects, 1(3), 43; 2(2), 33 


Radiation-detection testing 
See also Nondestructive testing 
techniques, 3(1), 54 
Radiation effects, colloquium, 3(3), 1 
discussion, 1(1), 37 
production by imperfections in solids, 3(1), 36 
review, 3(1), 36 
theory, i(1), 38-9 
Radiographic testing 
See also Nondestructive testing 
applications, 2(3), 53; 2(4), 44 
development, 2(2), 56 
metals, 1(1), 30 
techniques, 3(1), 54 
Rare-earth borides, structure, 3(3), 35 
Rare-earth oxide dispersions, physical properties, 
1(1), 24 
roll-cladding preparation, 1(1), 24 
sinterability, (1), 24 
Rare-earth oxide plates, pressing and sintering, 
3(3), 35 
Rare-earth oxides, coating stainless-steel tubes 
with, 3(3), 35 
corrosion resistance to Na, 2(1), 32 
Rare-earth oxides— stainless steel dispersions, 
description, 1(4), 18 
extrusion, 1(1), 24 


Rare earth—uranium-— Zircaloy-2 alloys, corrosion 
in H,O, 3(1), 29 
Rare earth—yttrium alloys, delta-phase stabilization, 
3(3), 7 
Rare earth— Zircaloy-2 alloys, corrosion in H,O, 
3(1), 29 
Rare earths, additions to ferrous and nonferrous 
alloys, 3(2), 34 
reactor-control applications, 3(2), 19 
Reactor-control materials, physics, metallurgy, and 
engineering aspects, 3(2), 19 
Reactor coolants, corrosion by, 3(1), 34 
Reactor materials 
See also Metals 
bibliography of properties, 2(2), 39—40 
diffusion, 2(3), 17; 2(4), 33 
phase diagrams, 3(2), 24-5 
radiation effects, 3(3), 1, 23 
specifications, 2(2), 40 
technology, 3(4), 1-2 
Refractory materials, fabrication, 3(3), 51 
melting, 3(2), 41; 3(3), 51 
properties, 3(3), 46-7 
Refractory metal alloys, bibliography, 2(3), 45 


Refractory metals 
See Metals (refractory) 

René 41, explosion forming, 3(2), 49 
Rhenium, vacuum deposition, 3(3), 54 
Rhenium-uranium alloys, constitution, 3(4), 8 
Rhodium-— rhodium sulfide system, sulfide equilibria, 

3(2), 35 
Rhodium-uranium alloys, constitution, 1(3), 8 

phase diagrams, 2(3), 9 


Rods 
See also Control rods and Fuel rods (Mg-clad) 
coextrusion-produced defects, 2(3), 52 


Roll cladding, development and evaluation, 1{(1), 26 
Roto-arc welding, Al-clad fuel elements, I(1), 29 
Rubidium (molten), properties, 3(3), 40 
Ruthenium-uranium alloys, composition, 1(1), 7 
constitution, 1(2), 4 
liquidus, 1(3), 8 
phase diagrams, 2(3), 9 
Ruthenium-uranium-zirconium alloys, corrosion in 
H,O, 1(4), 2—3 


Safety and health, summary, 3(4), 1 

Samarium alloys, development, I(1), 23 

Samarium oxide, corrosion resistance to Na, 2(1), 
32 

Samarium oxide —stainless steel dispersions, coex- 
trusion with stainless-steel cladding, 2(3), 50—1 

Sapphire (synthetic), radiation-induced expansion, 
2(3), 32 

Segmented fuel elements, hot pressing with Al clad- 
ding, 3(2), 46 





84 REACTOR CORE MATERIALS 


Semiconductors, radiation effects, 
3(4), 38 
Sheet metal 
See also Metals 
explosion forming, 3(1), 52-3 
Shielding materials, radiation effects, 
summary, 3(4), 2 
Silica, radiation effects, 2(2), 33 
Silicides, properties, 3(3), 47 
Silicon, diffusion in metals, 3(2), 36 
Silicon carbide, corrosion resistance, 
vapor deposition, 1(3), 52—3 
Silicon crystals, radiation-induced defects, 3(3), 41 
Silicon dioxide—thorium dioxide system, dissocia- 
tion, (2), 16 
solid-state reaction study, 2(4), 9 
Silicon dioxide—uranium dioxide mixtures, radiation 
effects, (2), 15 
Silicon nitride, corrosion resistance, 2(1), 32 
Silicon-thorium alloys, corrosion in H,O, 2(3), 10 
Silicon-uranium alloy rods, coextrusion with Cu 
cladding, 3(2), 45 
Silicon-uranium alloy tubes, coextrusion with Zirca- 
loy cladding, 3(2), 45 
Silicon-uranium alloys, C content effects, 2(1), 7 
coextrusion with cladding, 2(3), 51 
corrosion, 1I(1), 6; (3), 6; 2(1), 7; 2(2), 6; 3(4), 7 
development for power-reactor use, 3(1), 4 
electrical resistivity, 2(1), 7 
extrusion, 1(3), 7 
physical properties, 
processing, 1(3), 6 
radiation effects, 1I(1), 3, 6; 1(2), 6; 2(2), 6; 
3(1), 4; 3(4), 5, 7 
radiation stability, 
strength, 1(1),5 
Silicon-uranium alloys (irradiated), corrosion in H,O, 
2(3), 6 
Silicon-uranium alloys (Zircaloy-2-clad), corrosion 
in H,O, 1(3), 6 
radiation dimensional stability, 2(2), 6 
Silicon-uranium alloys (Zircaloy-2-clad) (irradiated), 
corrosion in H,O, 2(3), 6; 3(1), 4 
Silicon-uranium-zirconium alloys, thermal stability, 
1(2), 16 
Silver, diffusion of Fe in, 3(2), 36 
radiation effects on electrical resistivity, 
33; 3(3), 42; 3(4), 37 
reaction with H,O, 2(1), 33 
reactor-control applications, 
vacuum deposition, 3(3), 54 
Silver (irradiated), annealing kinetics, 3(2), 26 
Silver alloys, tensile properties, 1(3), 30 
Silver-zinc alloys, plastic deformation effects on 
diffusion, 3(2), 36 
Sodium, corrosion by, 2(4), 22; 3(1), 35 
O, determination, 2(1), 32—3 
properties, 3(3), 40 
specific heat, 3(2), 15 
Sodium chloride, radiation effects, 


3(3), 1, 23; 


3(3), 1 


2(1), 32 


1(3), 6; 2(1), 7 


2(2), 6 


2(2), 


3(2), 19 


3(4), 39-40 


Stainless steel (type 316), corrosion, 


Sodium hydroxide, corrosion of Ni, 1I(1), 34 
Sodium uranate, preparation and properties, 2(4), 9 
Sodium-uranium-oxygen system, radiation effects, 
3(3), 21 
Solids 
« See also Materials and Metals 
radiation-damage studies, 2(4), 10 
radiation effects, 2(2), 32; 2(3), 45—6; 3(4), 40 
small-angle X-ray scattering studies, 3(2), 25—6 
Stainless steel 
See also Chromium-iron-nickel alloys and In- 
conel 
Co content control, 2(3), 39 
compatibility with B compounds, 3(2), 19 
compatibility with Mo-Pu-U alloys, 3(3), 14 
corrosion, (2), 31; 1(3), 34, 37; 1(4), 22; 2(1), 28; 
2(3), 29; 3(1), 33; 3(3), 38-9 
creep-rupture strength, 3(3), 45 
diffusion with Nb, 3(4), 44 
fabricability, 3(3), 45-6 
pressure bonding to stainless steel— UO, assem- 
blies, (1), 27 
radiation effects, 2(1), 43; 3(1), 37, 39 
reaction with Mo-Pu-U alloys, 3(3), 12 
reaction with Th-U alloy, 2(3), 10 
specifications, 2(2), 40 
stress-corrosion cracking, 
2(1), 28; 3(1), 33 
tensile properties, 3(3), 45-6 
welding to Mo, (3), 54 
Stainless steel (17-7 PH), bonding with thermite type 
compositions, 3(1), 51 
Stainless steel (18-8—B'°), radiation effects, 
26—7 
Stainless steel (type 304), compatibility with UC, 
3(4), 13 
corrosion, 
3(2), 23 
creep properties, 
diffusion, 2(3), 17 
ductility, 3(2), 2 
gaseous environment effects on properties, 
3(1), 45 
radiation effects, 2(3), 33; 3(3), 43 
stress-corrosion cracking, 2(4), 21 
tube burst testing, 2(3), 43, 45; 3(4), 42 
tube creep buckling, 2(3), 43 
vapor deposition of Mo and Nb on, 
welding, 2(3), 39, 43 


1(3), 34; 1(4), 22; 


2(4), 


1(2), 29; 2(3), 31; 2(4), 21; 3(1), 33—5; 


3(4), 42 


1(3), 53 


Stainless steel (type 304L), tensile properties, 


2(3), 39 


Stainless steel (type 310), nitriding and oxidation, 


1(3), 34 

2(3), 31; 
2(4), 22; 3(1), 35; 3(4), 35 

diffusion with graphite, 1(3), 24. 

nitriding, 1(3), 34 

oxidation, 1(3), 34; 2(2), 29 

radiation effects on corrosion by Li, 

welding, .2(3), 39, 43 


2(4), 22 
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Stainless steel (type 318), oxidation, 2(4), 23 
Stainless steel (type 347), compatibility with 
fissium-Pu-U alloys, 3(4), 8—9 
corrosion, 1(2), 29; 2(3), 29 
mechanical properties of nitrided, 2(1), 38-9 
strain-fatigue testing, 1(2), 36 
stress-corrosion cracking, 2(3), 29 
thermal fatigue properties, 3(3), 45 
Stainless steel (type 347) (irradiated), damage re- 
covery, 3(4), 41 
Stainless steel (type 410), corrosion, 2(3), 29; 
2(4), 21; 3(1), 35; 3(2), 23; 3(3), 38; 3(4), 34 
radiation effects, (1), 39; 1(2), 34; 2(2), 35-6 
stress-corrosion cracking, 2(3), 29; 2(4), 21; 
3(3), 38 
Stainless steel (type 410) (Cr-plated), stress corro- 
sion, 3(2), 23 
Stainless steel (type 414), radiation effects, 2(2), 
35-6 
Stainless steel (type 420), coating with ceramics, 
— 2(1), 50 
Stainless steel (type 430), compatibility with fissium- 
Pu-U alloys, 3(4), 8-9 


stress-corrosion cracking, 2(3), 29 
Stainless steel (type 430T), aging temperature ef- 
fects, 3(4), 42 
Stainless steel (type 446), Mo vapor deposition, 
1(3), 53 
oxidation, 3(2), 34 
Stainless steel (type 4340), explosion welding, 


3(4), 55 

Stainless steel (Alloy A286), nitriding and oxidation, 
1(3), 34 

Stainless steel (AM-350), radiation effects, 2(2), 
35-6 

Stainless steel (austenitic), brazing, 3(4), 55 
corrosion resistance to Li, 2(1), 30-1 
mechanical, 2(4), 36—7; 3(1), 45 
physical properties, 2(4), 36—7; 3(1), 45 
Y addition effects, 3(2), 34 

Stainless steel (Carpenter-20 Cb), nitriding and 
oxidation, 1(3), 34 

Stainless steel (ferritic), corrosion resistance to Li, 
2(1), 30-1 

Stainless steel (martensitic), mechanical and physical 
properties, 2(4), 36—7; 3(1), 45 

Stainless steel (molten), reaction with H,O, 1(1), 35 

Stainless steel (semiaustenitic), mechanical and 
physical properties, 2(4), 36—7; 3(1), 45 

Stainless-steel (type 316) powder, sintering, slip 
casting, and testing, 2(3), 49 

Stainless-steel tubing, bonded joints, 3(3), 54 
coating with rare-earth oxides, 3(3), 35 
injection casting in canning, 2(3), 52 
Nb vapor deposition, 1(1), 28 
Ni-P brazing alloy effects on ductility, 3(2), 31 

Stainless-steel (type 304) tubing, yield strength, 
3(2), 30-1 

Stainless-steel (type 316) tubing, yield strength, 
3(2), 30-1 


Stainless-steel (type 347) tubing, yield strength, 
3(2), 30-1 

Stainless steel—uranium carbide dispersions, hot- 

cell evaluation, 2(2), 11 

physical properties, 1I(1), 15 
radiation effects, 2(3), 12—13 

Stainless steel—uranium carbide dispersions (type 
347 stainless-steel-clad), tensile properties, 
1(3), 13 


Stainless steel (type 304)—uranium (molten) diffusion 
couples, interaction, 2(4), 33 

Stainless steel—uranium dioxide assemblies, an- 
nealing and pressure bonding with stainless steel, 
1(1), 27 

Stainless steel—uranium dioxide cermets, electrical 

resistivity, 1#(3), 13 

pressure bonding, 3(4), 50 
tensile strength, 1(3), 13 


Stainless steel—uranium dioxide dispersions, devel- 

opment, 2(2), 11; 3(4), 11 

fabrication, 1(1), 14; 1(3), 14; 2(2), 11; 2(3), 
11-14 

mechanical properties, 2(2), 11; 3(1), 8; 3(4), 10 

physical properties, (1), 14; 2(2), 11 

production, 1(3), 13 

properties, (3), 14 

radiation effects, (1), 14—15; 1(4), 9; 2(1), 12 

slip casting, 1(4), 9 

U variation determination, 1(4), 8 


Stainless steel (type 347)—uranium dioxide disper - 
sions, explosion compaction, 3(2), 51 
radiation effects, 3(4), 11 
Stainless steel (ferritic)—uranium dioxide disper- 
sions, operating temperature, 2(1), 12 
Stainless steel— uranium dioxide dispersions (stain- 
less-steel-clad), preparation, 1(2), 11—12 
radiation effects, 2(3), 12 
slip casting, 3(2), 5 
tensile properties of annealed, 3(2), 5 
Stainless steel (type 304B)— uranium dioxide disper- 
sions (type 304 stainless-steel-clad), development, 
1(3), 12—13 
Stainless steel—uranium dioxide — zirconium boride 
dispersions, B sintering losses, 3(2), 19, 21 
Stainless steel—uranium nitride dispersions, chemi- 
cal reactions, 1(4), 9 
fabrication, 2(2), 11 
hot-cell evaluation, 2(2), 11 
mechanical properties, 2(2), 11 
physical properties, 1(1), 15; 2(2), 11 
radiation effects, 2(3), 12—13 
Stainless steel—uranium nitride dispersions 
(stainless-steel-clad), fabrication and properties, 
3(1), 8 
Stainless steel—uranium nitride dispersions (type 
347 stainless-steel-clad), tensile properties, 
1(3), 13 
Stainless steel—uranium oxide dispersions, batch 
blending, (4), 8-9 
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Stainless steel (type 304) —Zircaloy-2 couples, fret- 
ting corrosion, 2(3), 28; 3(2), 22 
Stainless steel (austenitic)— Zircaloy-2 joints, brazing 
with Ag, 2(1), 50 
Stainless steel—zirconium boride dispersions, prepa- 
ration and properties, 2(3), 26—7 
Stainless steel—zirconium joints, welding and brazing, 
2(3), 53 
Steel 
See also Croloys 
chromizing effects on oxidation, 
corrosion, 1(4), 25; 3(4), 32 
explosion forming, 3(3), 56—7 
grain-size effects, 2(1), 42-3 
Na containment, 1(4), 24 
radiation effects, 1(2), 35; 3(1), 37, 40; 3(2), 28 
Steel (ASTM A201), radiation effects, 1(1), 39 
Steel (ASTM A302B), radiation effects, I(1), 39 
Steel (AISI 310), corrosion, 3(4), 32 
Steel (AISI 1020), corrosion in polyphenyl, 3(2), 23 
explosion forming, 3(3), 56—7 
Steel (type 1020 carbon), corrosion in organic coolant, 
3(1), 35 
Steel (AI 3301), corrosion in liquid Na, 3(1), 34 
Steel (AISI 4139), corrosion, 3(1), 35; 3(2), 23 
explosion forming, 3(3), 56—8 
Steel (austenitic), radiation effects, 2(3), 33 
Steel (boron), neutron absorption, 3(1), 30 
Steel (carbon), corrosion in CO,, 3(3), 39 
H absorption, 3(4), 32 
radiation effects, 2(1), 43 
Steel (construction), radiation effects, 1(3), 43—4 
Steel (Cr-Mo), corrosion in molten Bi-U alloys, 
2(2), 31 
Steel (Ducol W.30), radiation effects, 2(1), 42 
Steel (En 2), radiation effects, 1(4), 37 
Steel (ferritic), corrosion, 2(2), 31; 3(4), 34 
radiation effects, 2(3), 33; 3(1), 37—39, 41 
Steel (high C), corrosion in molten Bi-U alloys, 
3(4), 34 
Steel (high Cr), corrosion in molten Bi-U alloys, 
3(4), 34 
Steel (HY-65), radiation effects, 2(1), 42 
Steel (low alloy), corrosion, 2(1), 30—1; 3(3), 39 
Steel (low C), corrosion in molten Bi-U alloys, 
3(4), 34 
radiation effects, 3(1), 39 
Steel (low Cr), corrosion in molten Bi-U alloys, 
3(4), 34 
Steel (MBMC No. 1), explosion forming, 3(3), 56—7 
Steel (mild), compatibility with UC, 3(4), 13 
radiation effects, 1(2), 35; 1(4), 36—7; 2(4), 25 
Steel (Vascojet 1000), explosion forming, 3(3), 56-7 
Steel tubing, extrusion with Al cladding, 3(3), 54 
Strontium boride, compatibility with stainless steel, 
3(2), 19 
Strontium uranate, preparation and properties, 
2(4), 9 
Structural materials 
See also Metals 


corrosion in polypheny! type coolant, 3(1), 35 
radiation effects, 3(3), i 
summary, 3(4), 2 

Subassemblies, nondestructive testing, 2(1), 51; 
3(2), 51 

Swifides, properties, 3(3), 47 

Sulfur, explosion compaction, 3(2), 49 

Sulfur (molten), properties, 3(3), 40 

Surfaces, diffusion, 2(4), 33 
explosion hardening, 3(2), 49 

Swaging, by explosion, 3(1), 52 


Tantalum, compatibility with Pu-U-fissium alloys, 
3(4), 8-9 
corrosion, 1#(2), 29—30; 2(4), 22; 3(2), 24 
creep properties of degassed sintered, 2(1), 39 
diffusion with, B, 2(2), 37 
C,. 2(2), 37 
Si, 3(2), 36 
dissolution in molten Dy and Tm, 3(1), 39, 41 
ductile-brittle transition, 2(4), 37 
electrical resistivity, 2(4), 31-2 
electroplated coatings, 3/4), 53 
hardening, 2(2), 30 
mechanical properties, 2(4), 31; 3(1), 45 
oxidation, (4), 23; 2(2), 30; 3(4), 34 
physical properties, 2(4), 31; 3(1), 45 
Seebeck coefficient, 2(4), 31, 33 
thermal conductivity, 2(4), 31, 33 
thermal diffusivity, 2(4), 31, 33 
vapor-deposited coatings, 1(2), 41 


Tantalum (rare-earth oxide coated), high-temperature 
stability, 2(4), 21-2 

Tantalum (ZrO,-coated), high-temperature stability, 
2(4), 21 


Tantalum alloys, electroplated coatings, 3(4), 53 
oxidation, 3(4), 34 

Tantalum boride, properties, 3(4), 34 

Tantalum carbide, properties, 3(4), 34 
vapor-deposited coating on graphite, I(1), 28 

Tantalum nitride, properties, 3(4), 34 

Tantalum oxide, properties, 3(4), 34 

Tantalum systems, corrosion, 2(4), 22 

Tantalum-thorium alloys, constitution, 2(2), 10 
eutectic, 2(4), 6 

Tantalum-tin-zirconium alloys, aging studies, 

1(3), 38 

tensile properties, 1(3), 38 

Tantalum—uranium dioxide dispersion foils, fabrica- 
tion, 2(3), 11 

Tantalum-uranium-zirconium alloys, corrosion in 
H,O, 1(2), 3-4 

Tantalum-vanadium alloys, constitution, 2(4), 31-2 

Tantalum-zirconium alloys, constitution, 2(2), 37; 

2(4), 31 

radiation effects, 3(1), 37, 39 
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Television, development of X-ray-sensitive Vidicon, 
2(2), 56 
Thallium nitride, corrosion resistance, 2(1), 32 
Thallium-thorium intermetallic compounds, crystal 
structure, 2(3), 10 
Thermal-shock experiments, equipment, 3(3), 40 
Thermographic testing 
See also Nondestructive testing 
core-to-cladding bonds, 3(3), 59 
Thorium, anisotropy, 2(3), 10 
C solubility in, 3(4), 9-10 
chemical properties, 2(4), 5-6 
cladding, 1(1), 10; 2(2), 9 
corrosion, 1(2), 10; (3), 3, 37; 1(4), 8; 2(2), 9; 
2(3), 10; 2(4), 7; 3(4), 10 
data manual, 2(3), 9—10; 2(4), 5-6 
decontamination, 1(2), 10 
diffusion, 1(2), 10; 1(3), 11-12 
ductility, 2(4), 6 
dynamic modulus, 3(4), 10 
elastic constants, 2(3), 10 
entropy of sublimation, 3(1), 7 
fabrication, 2(2), 9 
H, diffusivity in, 3(4), 9 
H, solubility in, (2), 11; §(3), 11; 2(2), 10 
heat of sublimation, 3(1), 7 
inclusions, 1(2), 10; 2(2), 9 
lattice spacing, 3(3), 16 
mechanical properties, 2(2), 9; 2(4), 5—6; 3(2), 
4—5; 3(3), 17 
metallography, 2(2), 9, 10 
physical properties, 1(2), 10; 2(2), 9; 2(4), 5-6 
production technology, 2(2), 9 
pyrophoricity, 1(3), 20 
radiation effects, 1(2), 11; 2(2), 9; 2(4), 5—6; 
3(4), 10 
reactions with O, and ThO,, 3(1), 7 
recrystallization, 2(2), 9 
solubility in Hg, 2(2), 10 
solubility in molten Zn, 3(4), 9 
specific heat, 3(2), 15 
strength, 2(4), 6 
technology, 2(1), 11; 2(2), 9 
thermal-cycling properties, 2(4), 5—6 
vapor pressure, 3(1), 7 
Thorium (cold-reduced), preferred orientations, 
3(2), 5 
Thorium (crystal-bar), electrical resistivity, 
3(3), 16 
magnetic susceptibility, 2(4), 6 
specific heat, 3(1), 7; 3(3), 16 
Thorium (iodide), grain-boundary relaxation, 
1(3), 11 
shear modulus, 1(3), 11 
Thorium (irradiated), mechanical properties, 
3(3), 17 
tensile properties, 2(4), 7 
Thorium (sintered), C, N,, and O, effects on proper- 
ties, 3(4), 9 
Thorium (Zircaloy-clad), corrosion in H,O, 3(4), 10 


Thorium alloys, constitution, 2(1), 11; 2(2), 9 
corrosion, 2(2), 9; 2(4), 6—7; 3(4), 10 
fabrication-technique effects, 2(4), 6 
heat-treating effects, 2(4), 6 
mechanical properties, 2(2), 9 
metallography, 2(2), 10 
oxidation, (3), 12 
precipitation hardening, 3(1), 8 
radiation effects, 1(3), 12 
technology, 2(2), 9 


Thorium beryllide, solubility studies, 2(2), 10 
Thorium carbide, fabrication, 2(1), 14 
published data, 3(4), 13 
Thorium carbide—uranium carbide mixtures, fabri- 
cation, 2(1), 14 
Thorium carbide —uranium carbide powder, coating 
with C, 3(4), 53 
Thorium compacts, preparation from Th powder, 
2(2), 10 
properties, 2(4), 6 


Thorium dioxide, compressive strength, 3(1), 10 

corrosion, 2(1), 32; 3(1), 10 

density, 1(2), 16 

elastic modulus, 3(1), 10 

radiation effects, 3(4), 16 

sintering, 2(3), 15-16 

structure, 3(2), 7 

surface chemistry, 3(2), 7 

thermal-shock resistance, 1(2), 16; 2(3), 16 
Thorium dioxide ceramics, metai fiber reinforce- 

ment, 1I(1), 13 
properties, 2(2), 14 
thermal-stress failure, 1(1), 13 


Thorium dioxide cermets, fabrication, 1I(1), 13 

Thorium dioxide films, radiation effects, 3(3), 22 

Thorium dioxide —urania ceramics, fabrication and 
volatilization, 1(1), 13 

Thorium dioxide —uranium dioxide ceramic pellets, 
fabrication, 3(1), 11 

Thorium dioxide —uranium dioxide compacts, radia- 
tion effects, (3), 17 

Thorium dioxide—uranium dioxide mixtures, physical 
properties, 1(2), 14 

Thorium dioxide —uranium dioxide pellets, radiation 
effects, 1(3), 16—17; 1(4), 11 

Thorium dioxide —uranium dioxide system, com- 

pressive strength, 3(1), 10-11 

corrosion in steam, 3(1), 10-11 
elastic modulus, 3(1), 10-11 
fission-gas release, 3(2), 7 
thermal expansion, 3(1), 10-11 

Thorium dioxide—uranium dioxide — yttrium oxide 

system, compressive strength, 3(1), 10-11 

corrosion in steam, 3(1), 10—11 
elastic modulus, 3(1), 10-11 
thermal expansion, 3(1), 10-11 

Thorium dioxide —zirconium dioxide system, physical 
properties, 1(2), 16 

Thorium monocarbide, reactions, 2(2), 10 
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Thorium monocarbide ceramic fuels, properties, 
2(2), 14 

Thorium monocarbide— zirconium monocarbide sys- 
tem, constitution, 2(2), 10 

Thorium-tin alloys, solubility studies, 2(2), 10 

Thorium-tin intermetallic compounds, crystal struc - 
ture, 2(3), 10 


Thorium-uranium alloys, alloying effects, 3(3), 16 
annealing effects on hardness, 2(1), 11 
coextrusion with cladding, 2(3), 51 
constitution, (3), 11; 2(1), 11 
corrosion in Na, NaK, and organics, 1(4), 8 
creep, 1(4), 8; 3(1), 18 
creep strength, 3(1), 7 
density, 2(4), 6 
electrical resistivity, (3), 11 
fabrication effects, 3(3), 16—17 
fission-gas release, 2(3), 10-11 
grain-growth restriction, 2(4), 6 
hardness, I(1), 10; 2(1), 11; 2(4), 6 
heat-treatment effects, 3(3), 16 
hot hardness, 2(4), 6 
mechanical properties, 3(3), 16—17 
metallurgy, 2(4), 6 
physical properties, 1(3), 11; 3(3), 16-17 
radiation effects, 1(1), 10; 1(2), 11; (3), 12; 

1(4), 8; 2(1), 12; 2(2), 10—11; 3(1), 2—3, 8; 
3(4),5 
reaction with stainless steel, 2(3), 10 
segregation, 2(2), 47 
tensile properties, 1(3), 11 
thermal conductivities, 1(3), 11 
thermal-expansion coefficients, 2(3), 10 
U particle coarsening, 2(4), 6 

Thorium-uranium alloys (irradiated), thermal- 
expansion coefficients, 2(3), 10 

Thorium—uranium monocarbide—zirconium system, 
constitution, 2(2), 10 

Thorium-uranium-zirconium alloys, -constitution, 

2(1), 11; 2(2), 10 
corrosion in H,O, 2(3), 10; 2(4), 6, 7 
Th detection, 2(4), 6 


Thorium-yttrium alloys, constitution, 1(3), 11; 
2(2), 10; 3(1), 5, 7 
eutectic, 2(4), 6 
solidus, 2(2), 10 


Thorium-zinc alloys, constitution, 2(4), 6 
Thorium-zirconium alloys, corrosion in H,O, 2(3), 
10; 2(4), 7; 3(1), 8; 3(4), 10 
cubic-phase stability, 3(3), 16 
hot hardness, 2(4), 6 
metallography, 2(4), 6 
miscibility gap, 3(3), 16 
Thorium-zirconium alloys (Zircaloy-clad), corrosion 
in H,O, 3(4), 10 
Through-transmission testing 
See also Nondestructive testing 
applications, 3(4), 56 
plates and tubes, 3(3), 58 


Tin, reaction with H,O, 2(1), 33 
solubility in ZrFe,, 2(3), 33 
Tin-zirconium alloys, oxidation, 1(3), 34 
Titanium, compatibility with fissium-Pu-U alloys, 
3(4), 8-9 
Giffusion, 2(3), 17 
diffusion with, B, 2(2), 37 
C, 2(2), 37 
Si, 3(2), 36 
U, 2(2), 38 
electroplated coatings, 3(4), 53 
forging, 2(4), 41 
joining to Ag-Cd-In alloys, 1(3), 31 
lattice stability, 3(2), 35 
oxidation, 2(3), 28; 3(4), 34 
radiation effects, 3(1), 37 
spontaneous ignition in O,, 2(3), 28 
Titanium (B-120VCA), explosion welding, 3(4), 55 
Titanium (irradiated), damage recovery, 3(4), 41 
Titanium alloys, electroplated coatings, 3(4), 53 
explosion forming, 3(2), 49 
lattice stability, 3(2), 35 
oxidation, 3(4), 34 
radiation effects, 2(2), 33-4 
Titanium borides, corrosion in H,0O, 1(2), 26 
properties, 3(4), 34 
solubility in H,O, 1(3), 32 
Titanium carbide, corrosion resistance, 1(3), 37; 
2(1), 32 
melting effects, 3(2), 41 
properties, 3(4), 34 
Titanium carbide cermets, corrosion resistance to 
NaK, 1(3), 37 
Titanium dispersions, roll cladding with Hf, Ti, and 
Zircaloy-2, 2(2), 48 


Titanium nitride, properties, 3(4), 34 
Titanium oxide, properties, 3(4), 34 
Titanium -—titanium diboride dispersions (Zircaloy-2- 
clad), radiation effects, 3(2), 19 
Titanium-uranium alloys, corrosion, 1(1), 3—4 
diffusion, 3(3), 44; 3(4), 43 
Titanium-uranium alloys, corrosion in H,O, 2(3), 
2-3 
diffusion, 3(3), 4 
phase diagrams, 2(3), 3 
quenching-induced decomposition, 2(4), 3 
transformation, 2(3), 2 
Titanium-uranium-zirconium alloys, constitution, 
1(2), 6 
corrosion in H,O, 1(4), 2—3; 2(3), 3 
phase diagrams, 2(3), 3 
Titanium-uranium-zirconium diffusion couples, bond- 
ing effects on interaction, 2(4), 33-4 
Titanium-vanadium alloys, oxidation resistance, 
1(3), 35 
Titanium-yttrium alloys, eutectic, 3(1), 42 
Titanium-zirconium alloys, lattice stability, 3(2), 35 
Transition metals 
See also Metals 
radiation effects, 3(4), 38 
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Tubing 
See also specific tubing 
coextrusion-produced defects, 2(3), 52 
development, 1(3), 1 
radiation effects, 1(3), 1 
Tungsten, creep-rupture properties, 3(3), 46 
diffusion of Band C in, 2(2), 37 
ductile-brittle transition, 2(4), 37 
ductility, 3(4), 49 
electroplated coatings, 3(1), 51; 3(4), 53 
extrusion, 3(4), 48-9 
oxidation, 3(4), 33—4 
radiation effects, 1(4), 37 
self-bonding by roll cladding, 3(4), 49 
tensile properties, 3(2), 31; 3(4), 49 
vacuum arc melting, 3(4), 48-9 
vapor-deposited coatings, 1(2), 41 
Tungsten (irradiated), annealing, 2(1), 40 
damage recovery, 3(4), 37-8 
electrical resistivity of annealed, 2(1), 40 
stored energy of annealed, 2(1), 40 
Tungsten alloys, electroplated coatings, 3(4), 53 
oxidation, 3(4), 34 
Tungsten binary alloys, oxidation resistance, 1(3), 35 
Tungsten boride, properties, 3(4), 34 
Tungsten carbide, corrosion resistance to NaK, 
1(3), 37 
electroplating with Ni, 3(2), 47 
properties, 3(4), 34 
Tungsten carbide cermets, corrosion resistance to 
NaK, 1(3), 37 
Tungsten nitride, properties, 3(4), 34 
Tungsten oxide, properties, 3(4), 34 
Tungsten powder, explosion compaction, 3(2), 51 
Tungsten— tungsten sulfide system, sulfide equilibria, 
3(2), 35 
Tungsten—uranium dioxide dispersion foils, fabrica- 
tion, 2(3), 11 


Ultrasonic testing 
See also Nondestructive testing 
applications, (1), 30; 1(2), 42; 2(3), 53; 2(4), 44 
calibration, 1(2), 42 
development, (1), 30; 1(2), 42; 1(4), 43; 2(1), 51; 
2(2), 56 
energy losses in metals, 2(3), 53-4 
fluoroscope development, 2(2), 56 
plates, 3(3), 58-9 
techniques, 3(1), 54 
tubing, 3(3), 58; 3(4), 56 
Ultrasonic welding 
See also Welding 
development, 1(3), 54 
Uranium, anodic treatment, 3(2), 47 
bulk modulus, 2(2), 1 
burnup determination, 2(1), 4 


canning, 3(2), 46 
casting, (1), 25; 1(2), 39; 1(3), 47, 54; 2(2), 47, 
54; 3(1), 48 
chemistry, 2(4), 2 
cladding, 2(1), 4 
bonding with, 1(2), 40; 3(3), 54 
coextrusion with, 2(2), 51; 2(3), 51; 3(2), 45; 
3(4), 51 
extrusion, 2(2), 40; 3(1), 50-1 
coatings, (1), 29; 2(2), 5; 3(1), 51; 3(3), 55; 
3(4), 53 
corrosion, 1(3), 3; 1(4), 2—3; 2(1), 4; 2(3), 17; 
3(3), 21-2 
corrosion in, H,O, I(1), 34; 1(4), 11—12; 2(1), 15; 
2(3), 1; 3(4), 4 
Na, 1(3), 37 
organics, 1(3), 37 
steam, 1(4), 11—12; 2(4), 2 
creep, 1(1), 1; 2(2), 16; 2(3), 19; 3(2), 3; 3(4), 3 
crucible mold coating, 2(3), 48 
crystal growth, 2(2), 1 
data manual, 3(2), 3 
deformation, 2(2), 14; 2(4), 1—2; 3(3), 2; 3(4), 3 
density, (1), 1-3 
determination, 2(3), 54 
diffusion, (1), 37; 2(2), 1, 16, 38; 2(3), 1—2, 17; 
2(4), 2; 3(1), 3, 13—14; 3(2), 1; 3(3), 1; 3(4), 13 
diffusion bonding, 2(1), 46; 3(4), 51 
diffusion welding, 3(4), 50 
grain-size effects, 3(1), 2 
elastic moduli, 2(4), 2 
elastic parameters, 2(2), 1—2 
electric conductivity, 1(1), 1—2 
electronic microdiffraction, 3(1), 2 
electroplating on, 3(2), 47 
elongation, I(1), 1 
enamel coating, I(1), 29 
end-quench tests, 2(2), 1 
expansion, 2(2), 1—2 
extrusion, 1I(1), 26; 2(2), 48 
fabrication, 2(1), 4; 2(3), 1, 48; 3(1), 48 
forging, (1), 26 
forming, 2(2), 47 
grain size, 4(1), 1—3; 1(2), 1—2; 2(3), 1, 48; 2(4), 
2; 3(4), 4, 48 
growth in corrosive gas, 3(4), 16 
H,, content of dingot, 1(2), 39 
effects, (1), 1; 2(2), 47; 3(3), 21-2 
reduction, 2(4), 41 
solubility, 2(4), 2 
vacuum outgassing, 2(3), 48 
heat-treatment, (2), 1; 1(4), 1; 2(3), 1, 18; 3(4), 3 
heating history determination, 3(2), 42 
ignition, 1(3), 20; 2(4), 9; 3(1), 17 
impurities, 1(4), 39; 2(3), 48 
lattice constants, 1(1), 1—3, 6 
literature, 3(2), 3 
melting, (1), 25; 1(2), 39; 3(1), 48; 3(2), 39 
metallography, 2(1), 3-4 
metallurgy, 2(1), 4; 2(2), 1; 2(4), 2; 3(3), 3 
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Uranium (Continued) Zn, 2(2), 8 
micrography, 3(1), 2 specific heat, 3(2), 15 
nonelectrolytic chemical plating, 3(4), 52 stability, (3), 1 
oxidation, (1), 34—5; 1(2), 16; 2(1), 15; 3(2), 1; strain-rate sensitivity, 3(1), 1-2 
3(3), 2 stress relaxation, 2(4), 10 
pin-cushion irradiation, 2(1), 3-4 stress-strain curves, {I(1), 1 
plating, 3(2), 47; 3(4), 52 structure, 2(4), 2 
preferred orientation, 2(4), 1; 3(4), 3-4 technology, 2(2), 1, 3; 3(1), 2 
production, 2(1), 4; 3({1), 2 tensile properties, 1I(1), 1 
properties, 3(3), 1 thermal conductivity, 1(1), 1 
fatigue, 3(2), 3 thermal cycling, 1(3), 2, 38; 2(2), 3, 5, 16; 
mechanical, 2(1), 4; 3(2), 4—5; 3(3), 3 2(4), 10; 3(2), 3; 3(3), 2—3 
physical, 2(1), 4 thermal expansion, 3(2), 3 
tensile, (1), 1; 3(1), 2 transformations, 1(1), 1, 3; #(2), 1; 3(2), 41-2; 
pyrophoricity, (3), 20 3(4), 3-4 
quenching media, 3(2), 42 tube fabrication, 2(3), 48 
radiation effects, 1(1), 37; 1(2), 2—3; 2(3), 18; twinning, 2(4), 1-2 
2(4), 10; 3(1), 2-3, 17-18; 3(2), 3; 3(4), 3-4 ultrasonic soldering, 1(4), 42 
radiation effects on, chemical properties, 2(2), 3, 5 vacuum deposition, 3(3), 54 
creep strength, 2(4), 10 vacuum melting, (2), 39; 3(2), 39 
density, 3(1), 2—3, 19 vacuum outgassing of H,, 2(3), 48 
dimensions, 2(1), 1, 3—4, 16; 2(2), 16; 2(4), 1; volumes, (1), 1-3 
3(1), 2-3 welding, 1(2), 41; 1(4), 42; 3(4), 50 
gas diffusion, 2(2), 15 yield strength, 1(1), 1 
hardness, 3(1), 18-19 Young’s modulus, 1(1), 1 
mechanical properties, 1(4), 1; 2(2), 3, 5; 2(4), Uranium (depleted), nonnuclear uses, 3(3), 1 
10 radiation effects, 1(3), 1—2 


physical properties, 2(1), 2—3; 2(2), 3,5 Uranium (irradiated), annealing, 1(1), 3—4; 1(3), 2; 
surfaces, 2(1), 3-4 2(2), 1, 3; 2(3), 2, 19; 2(4), 10; 3(1), 18-19; 


tensile properties, 1(4), 1; 3(1), 18 3(3), 1-2 
radiation-induced, cracking, 3(2), 2, 7 creep testing, 2(2), 1; 2(3), 19 
displacement spikes, 3(1), 17 damage recovery, 3(1), 18 
Frenkel pairs, 3(1), 17 dimensional instability, 2(3), 18 
gas-bubble formation, 1(2), 17; 2(1), 17; 3(1), electropolishing, 2(3), 18 
18 filamentary growth, 2(2), 16 
lattice defects, 3(1), 18 fracture surfaces, 3(3), 23 
microstress recovery, 3(1), 18-19 gases, bubble formation, 1(4), 2 
swelling, 2(1), 16; 2(2), 15; 2(3), 18; 2(4), 10; mobility, 2(3), 18; 3(2), 7 
3(1), 17; 3(2), 2; 3(3), 23; 3(4), 15-16 release, 2(3), 18; 3(3), 2; 3(4), 4 
twinning, 2(3), 18—19 voids, 2(3), 18 
radiographic testing, 1(1), 30 hardness, 2(3), 19 
reactions with, air, 3(1), 17 inclusions, 3(2), 3 
alkanes, 3(2), 6 metallography, 2(1), 3; 2(3), 18 
CO,, (4), 12; 3(1), 17 preferred orientation, 2(3), 18 
H,O, 2(1), 33; 3(2), 8—9; 3(4), 37 quench cracking, 3(2), Z 
H,O vapor, 3(2), 8-9 swelling, 14(4), 2; 2(1), 17 
N,, 1(2), 16 tensile properties, 2(1), 1—2; 2(3), 19; 3(4), 4 
O,, 3(1), 16-17 thermal conductivity, 3(2), 2 
steam, I(1), 35; 1(2), 3 thermal-cycling effects, 3(4), 4 
recrystallization, 2(4), 1 twinning, 2(4), 10 
reduction of area, 1I(1), 1 xe!33 diffusion, 1(4), 2; 2(1), 17 
rolling, 2(2), 48; 3(3), 51 X-ray diffraction studies, 2(2), 16 
scrap recovery, 2(1), 45 Uranium (molten), C pickup, 2(4), 41 
self-diffusion, (1), 37; 2(2), 1; 2(3), 1-2; reactions with, ceramics, 1(3), 48 
3(1), 3, 13—14; 3(2), 1; 3(3), 1 H,O, 1(1), 35 
shot preparation, 1I(1), 25 O,, (3), 47 
soldering, 1(4), 42 Uranium (Mo-Sn-Zr-clad), bonding, 2(2), 40 
solubility in, Pd, 1(1), 7 thermal-cycling effects, 1(3), 38 


Pt, 2(2), 8 Uranium (Nb-Sn-Zr-clad), thermal-cycling effects, 
UA], 3(1), 15 1(3), 38 
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Uranium (Ni-plated), pressure bonding with Al and 
Zr, (1), 26-27 
Uranium (nontextured), radiation effects, 2(3), 18 
Uranium (sponge), evaluation for fuel usage, 3(3), 2 
Uranium (textured), radiation effects, 2(3), 18 
Uranium (Zircaloy-2-clad), corrosion in H,O, 3(3), 3 
Uranium (Zr-clad), cladding-thickness determination, 
3(2), 52 
thermal-cycling effects, 1(3), 38 


Uranium-235, radiation effects, 2(1), 2—3 
Uranium alloy fuels, coextrusion with cladding, 
1(3), 52; 3(2), 45-6 
pressure bonding with Al cladding, 3(2), 44 
radiation effects, 2(2), 5 


Uranium alloy powder compacts, thermal cycling, 
1(3), 3 

Uranium alloy —zirconium hydride system, phase 
boundaries, 2(1), 24 


Uranium alloys, casting, 3(1), 48 
cladding, 2(1), 4 
coating, 3(4), 53 
constitution diagrams, 2(1), 11 
corrosion, 1(3), 3, 6, 19—20, 37; 1(4), 2—3; 
2(1), 4; 2(2), 5; 2(3), 1, 6; 3(4), 4 
creep, 3(1), 18 
fabrication, 2(1), 4; 2(3), 6; 3(1), 48 
failure, (3), 20 
hydride formation, 1(3), 20 
ignition, 3(1), 17 
mechanical properties, 2(1), 4 
melting, 3(1), 48 
metallography, 2(1), 4 
phase studies, 2(3), 6 
physical metallurgy, 2(1), 4 
physical properties, 2(1), 4 
powder metallurgy, 2(1), 4; 2(2), 5 
production, 2(1), 4; 3(1), 2 
properties, 3(2), 3 
radiation effects, (1), 5; 1(3), 3; 2(1), 4, 17-18; 
2(2), 3, 5; 3(1), 17; 3(4), 5 
radiation-induced, gas-bubble formation, 3(1), 18 
phase changes, 2(1), 4, 17 
swelling, 2(1), 16; 2(3), 18 
reactions with air and O,, 3(1), 17 
stability, 1(3), 6; 1(4), 3, 5 
stress relaxation, 2(4), 10 
thermal cycling, 1(1), 5; 2(2), 3, 5; 3(2), 3 
transformation, 2(3), 2, 6; 2(4), 3 
Uranium alloys (molten), quality, 1(3), 48 
Uranium aluminide, development, 3(1), 13 
growth kinetics, 3(1), 15 
oxidation, 1(1), 14; 1(2), 16 
physical properties, 1(3), 18 
properties, 3(4), 13-15 
reaction with N,, I(1), 14; 1(2), 16 
thermal expansion, 1(2), 16 
U solubility in, 3(1), 15 
Uranium aluminide—uranium silicide system, con- 
stitution, 3(1), 12 


Uranium beryllide, heat of formation, 3(2), 7 
oxidation, (1), 14; (2), 16 
physical properties, 1(3), 18 
preparation, 3(2), 7 
radiation effects, 1(1), 14 
reactions with H,O vapor, 1(2), 16 
solubility, 2(2), 10 


Uranium beryllide compacts, preparation, 2(3), 16 
Uranium binary alloys, high-temperature properties, 
2(1), 4 
phase diagrams, 3(2), 3 
strength, 1(3), 3 
transformation, 2(1), 4 


Uranium boride compacts, preparation, 2(3), 16 
Uranium borides, oxidation, 1(2), 16 

physical properties, 1(3), 18 

properties, 3(4), 13—15 

reactions with N, and H,O vapor, 1(2), 16 
Uranium carbide ceramics, fabrication, 1(1), 13 
Uranium carbide cermets, thermal cycling, 1(3), 2 
Uranium carbide compacts, fabrication, 2(2), 13 

preparation, 2(3), 16 


Uranium carbide fuels, tecinology, 3(4), 13 
Uranium carbide — metal dispersions, development, 
2(3), 11-12 
Uranium carbide —metallic monocarbide mixtures, 
hot pressing, 2(1), 14 
Uranium carbide powders, sintering, 2(4), 9 
Uranium carbide — Zircaloy-2 cermets, corrosion and 
fabrication, 1(1), 13 
Uranium carbide-—zirconium alloy dispersions, 
radiation effects, (2), 12 
Uranium carbide —zirconium carbide system, solid 
solubility, (3), 19 
Uranium carbides 
See also Uranium dicarbide and Uranium mono- 
carbide 
casting, 2(2), 13 
chemical reactions, 1(1), 14; 1(2), 16; 3(4), 13 
compatibility with Al, 3(2), 6 
compatibility with Nb-base alloys, 3(4), 13 
corrosion, 1(3), 19; 3(2), 6 
density, 3(1), 13 
fabrication, 1(2), 15; 2(1), 14; 3(1), 13 
literature reviews, 3(4), 13 
microstructure, 3(1), 13 
oxidation, (1), 14; 1(2), 16 
phase diagrams, 3(2), 6 
physical properties, 1(3), 18 
preparation, 2(2), 13; 3(2), 5—6 
structural properties, 3(2), 6 
thermal expansion, 1I(1), 14 
U,C; formation, 2(3), 15 
Uranium ceramic fuels, properties, 3(4), 6 
Uranium cermets, cladding and densification by 
pressure bonding, 2(2), 49 
properties, 3(4), 6 
Uranium composite billets, coextrusion with Zircaloy 
cladding, 2(1), 48 
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Uranium compounds, properties, 1(3), 18-19; 
3(4), 13-15 
radiation-induced gas formation, 3(3), 23 
review, 3(4), 13-15 
sintering, 1#(1), 13-14 
Uranium cores, Ni plating before cladding, 2(1), 49 
Uranium crystals, plastic slip, 3(1), 1 
preparation, 3(2), 2 
recrystallization of deformed, 3(1), 1 
self-diffusion, 3(1), 13 
thermal expansion, 3(1), 1 
Uranium diboride, development, 3(1), 13 
Uranium dicarbide , 
See also Uranium carbides and Uranium mono- 
carbide 
C coating, 3(4), 53 
hot pressing, 2(4), 8 
metallography, 2(4), 8 
reactions with heat-transfer liquids, 3(4), 13 
structure transformation, 3(4), 13 
Uranium dicarbide—uranium monocarbide system, 
interdiffusion, 2(4), 8 
Uranium dingots, H, reduction, 2(4), 41 
Uranium dioxide 
See also Uranium oxide 
bibliography, 2(4), 7 
coating with Al,O,, 2(3), 15 
coextrusion with cladding, 2(4), 43; 3(4), 51 
compaction, 2(4), 42; 3(2), 43 
compatibility with, Al,O,, (3), 15 
borides, 3(3), 17; 3(4), 12 
carbides, 3(3), 17; 3(4), 12 
Nb, 1(3), 15 
nitrides, 3(3), 17; 3(4), 12 
oxides, 3(3), 17; 3(4), 12 
refractory metals, 3(3), 17; 3(4), 12 
ZrC, (3), 15 
ZrO,, 4(3), 15 
corrosion in steam, 3(3), 19 
deformation, 2(2), 12 
density, 1(2), 13 
detection in fuel elements, 1(4), 43 
diffusion with, He, 1(3), 15 
I, 3(4), 16 
O,, (1), 12 
rare gases, 2(1), 13 
U(IV), (1), 12 
electrical conductivity, 1#(1), 11 
electrical properties, 1(2), 14 
etching, 3(1), 11 
extrusion, 1(3), 14 
fabrication. 1(1), 10-11; 1(3), 14 
failure, 1(2), 14 
fracture, (3), 15 
He density, 1(3), 15 
He diffusion, 1(3), 15 
He release, I(1), 38 
impact failure, 1(2), 14 
melting, (1), 11; (4), 11; 3(1), 9, 12 
nonstoichiometry, 2(2), 12 


NRX fuel studies, 1(3), 15 
O/U ratio determination, 3(1), 9 
oxidation, 4(1), 11—12; 1(2), 14 
physical properties, (3), 18; 3(3), 17 
polishing, 3(1), 11 
«preparation, 1(2), 13; 1(4), 11 
properties, (2), 14; 1(3), 14 
radiation effects, (1), 11—12; 1(2), 14; 1(3), 14, 
17; 3(1), 19 
radiation effects on structure, 2(4), 11; 3(4), 16 
radiation effects on thermal conductivity, 1(3), 15; 
3(4), 12 
radiation-induced gas, bubble formation, 2(1), 
18 . 
diffusion, (1), 38; 1(2), 16—17 
release, (1), 12, 37; 1(2), 14; 1(3), 14-15; 
2(4), 11; 3(2), 8 
retention, 1(3), 15 
radiation-induced sublimation, 3(3), 22 
radiation-induced void formation, 2(4), 11 
reactions at high temperatures and pressures, 
2(4), 7 
reactions with Zircaloy-2 and Zr, 1I(1), 11 
reduction by C, 3(2), 6 
sintering, 1(1), 10—11; 1(2), 13; 3(4), 13 
stabilization, 2(4), 7; 3(1), 11 
strength, 1(2), 14 
structure, 3(3), 17 
swaging, 4(1), 11; 1(3), 14 
technology, 2(2), 12 
thermal properties, conductivity, (1), 11; 1(2), 14; 
1(4), 10—11; 2(1), 12—13; 2(3), 14—15; 3(3), 18- 
19; 3(4), 12 
expansion, 1I(1), 11; 2(1), 13 
fracture, (1), 11 
shock, 1(2), 14 
stability, 1(4), 11 
UF, conversion to, 3(1), 51 
volatility, (4), 11 


Uranium dioxide (Al,O,-coated) (irradiated), fission- 
product retention, 1(3), 15; 2(3), 15; 3(4), 52 
Uranium dioxide (irradiated), diffusion with, fission 
gas, 2(1),18 
Kr®, 3(3), 18 
U, 3(3), 18 
Xe, 2(4), 11; 3(4), 16 
electron diffraction patterns, 3(4), 16 
fission-gas, diffusion coefficients, 2(1), 18 
reentry, 3(4), 16 
release, 2(2), 12—13; 3(3), 22; 3(4), 16 
Mo” chemical behavior, 3(1), 19 
Uranium dioxide (Ni-plated), brazing and pressure 
bonding, 1(2), 40 
Uranium dioxide (pressure-bonded), He permeability, 
3(4), 50 


Uranium dioxide (sintered), coating with Be, 3(4), 52 
radiation effects, 2(4), 11 
radiation-induced melting and grain growth, 2(4), 
11 
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Uranium dioxide (sintered) (Continued) 
reaction with CO,, 2(4), 7 
thermal conductivity, 2(4), 7, 11 
Uranium dioxide (type 304 stainless~-steel-clad), 
swaged density, 3(2), 42 
Uranium dioxide (swaged), processing effects on 
density, 2(1), 12 
Uranium dioxide blanket rods, failure in PWR and 
thermal performance, 1(3), 17 
Uranium dioxide blanket rods (Zircaloy-2-clad), 
radiation effects, 3(4), 11—12 
Uranium dioxide ceramic dispersions, fuel loss, 
3(4), 12 
Uranium dioxide ceramic fuels (irradiated), annealing 
effects, 2(2), 15 
Uranium dioxide ceramic fuels (Zircaloy-canned), 
vibratory packing, 3(1), 11 
Uranium dioxide ceramics, burnable-poison additives, 
3(1), 11 
C addition effects, 1(4), 9-10 
chemical properties, 2(2), 14 
extrusion, 1(3), 14 
fabrication, 1(3), 14; 3(1), 11; 3(2), 7 
hot isostatic pressing, 2(2), 12 
Kr®™ release, 2(2), 15 
mechanical properties, 2(2), 14 
physical properties, 2(2), 14 
pressure bonding with stainless-steel cladding, 
2(4), 42 
properties, 3(1), 11 
radiation effects, 3(1), 19 
swaging, 3(1), 11 
thoron release, 2(2), 15 
Uranium dioxide cermets, thermal conductivity, 
3(3), 17 
Uranium dioxide compacts (Al-clad), fabrication and 
irradiation testing, 2(4), 7 
Uranium dioxide crystals, growth from vapor, 
3(3), 20 
high-temperature growth, 3({1), 11 
preparation by hydrolysis of UF,, 3(3), 55 
Uranium dioxide dispersions, radiation effects, 
1(3), 13-14 
ultrasonic welding, 3(3), 53 
Uranium dioxide films, radiation effects, 3(3), 22 
Uranium dioxide fuel elements (stainless-steel-clad), 
annulus filling with Pb, 3(4), 51-2 
fabrication, 2(4), 8 
mechanical twisting, 3(3), 53 
Uranium dioxide (ceramic and fused powder) fuel 
elements, densification and cladding by pressure 
bonding, 3(2), 44 
Uranium dioxide (fused) fuel elements, swaging with 
cladding, 3(2), 43 
Uranium dioxide fuel particles, cladding with Al,Oz, 
3(1), 51; 3(4), 52-3 
cladding with graphite, 3(4), 53 
electroless Ni coating, 3(1), 51 
sintered cladding, 3(3), 55 
Zr vapor deposition, 3(1), 51 


Uranium dioxide fuel rods (mild-steel-clad), explo- 
sion forming, 3(3), 20 
Uranium dioxide fuel rods (sintered), stretch form- 
ing and swaging with cladding, 3(2), 43 
Uranium dioxide fuel rods (stainless-steel-clad), 
explosion compaction, 3(4), 55 
explosion forming, 3(3), 20 
Uranium dioxide fuel rods (Zircaloy-clad), explosion 
forming, 3(3), 20 
Uranium dioxide fuel rods (Zircaloy-2-clad), explo- 
sion compaction, 3(4), 55 
Uranium dioxide fuels, Canadian program, 1(3), 15; 
3(1),9 
coating with C andCr, 2(4), 44 
coextrusion with cladding, 3(1), 50; 3(2), 45; 
3(4), 51 
compressive strength, 3(1), 10-11 
corrosion in steam, 3(1), 10—11 
densification, 3(4), 50 
development, 2(3), 14 
diffusion bonding with cladding, 2(1), 46—7; 2(2), 
49—53; 2(4), 43; 3(2), 45 
elastic modulus, 3(1), 10-11 
fabrication, 3(4), 12—13 
NRX, 1(3), 15 
performance, 3(3), 17 
pressure bonding with cladding, 1(1), 27; (2), 40; 
1(3), 51; 1(4), 41; 2(1), 46; 2(2), 49; 2(3), 49-50; 
2(4), 42; 3(1), 49-50; 3(2), 44; 3(4), 50 
properties, 3(1), 10-11 
radiation effects, 2(1), 12; 3(1), 9 
rolling with cladding, 3(3), 53 
summary, 2(4), 7 
swaging with cladding, 3(1), 49; 3(2), 42—3; 3(3), 
52—3; 3(4), 49 
technology, 3(1), 9 
thermal conductivity, 3(1), 10-11 
thermal expansion, 3(1), 10—11 
Uranium dioxide — metal dispersions, development, 
2(3), 11—12 
Uranium dioxide — metal fiber fuel elements, swaging 
with cladding, 3(3), 52 
Uranium dioxide — metal fiber fuel elements (swaged), 
mechanical and thermal properties, 3(2), 43 
Uranium dioxide pellets, cladding with Al,O;, 2(3), 
52-3 
compatibility with Al, 3(3), 17 
densification, 3(1), 49-50 
development, 1(4), 9 
fabrication, (3), 14; 2(3), 14—15 
pressure bonding with cladding, 3(1), 49-50 
thermal conductivity, 1(3), 15; 3(1), 11 
Uranium dioxide pellets (irradiated), solid fission- 
product mobility, 3(3), 17—18 
Uranium dioxide pellets (stainless-steel-clad), ther- 
mal conductivity, 3(1), 11 
Uranium dioxide pellets (Zircaloy-2-clad), in-pile 
loop experiment, 1(3), 15, 17 
Uranium dioxide powder, annealing effects, 3(3), 17 
coating with metallic films, 2(1), 49-50 
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Uranium dioxide powder (Continued) 
comminution effects, 3(3), 17 
densification, 3(1), 50 
fluidized-bed coating, 3(4), 53 
metallurgy, 2(1), 12 
oxidation, 2(2), 12; 3(3), 17 
physical properties, 2(4), 7 
preparation, 1(3), 14; 2(4), 7 
sintering, 1(4), 9; 3(3), 20 
vibratory compaction in Zircaloy tubes, 2(4), 44 
X-ray diffraction, 1(3), 17 
Uranium dioxide powder (canned), radiation effects, 
2(2), 12-13 
Uranium dioxide powder (Zircaloy-2-canned), radia- 
tion effects and sintering, 3(3), 19 
Uranium dioxide powder (Zircaloy-3-canned), radia- 
tion effects, 2(3), 14 
Uranium dioxide powder slurries, behavior in NaK, 
2(3), 31 
Uranium dioxide slugs (sintered), thermal conduc - 
tivity, 2(2), 12 
Uranium dioxide spheres, metallic coatings, 3(4), 52 
Uranium dioxide system, phase diagrams with oxide 
additives, 2({2), 12 
Uranium dioxide —yttrium oxide mixtures, constitu- 
tion, 4(2), 14—15 
Uranium dioxide-— yttrium oxide system, phase 
studies, 2(3), 14 
Uranium dioxide —zirconium alloy dispersions, 
radiation effects, (2), 12 
Uranium dioxide —zirconium boride dispersions, 
development, 2(4), 19 
fabrication, 2(3), 26 
Uranium dioxide— zirconium dioxide ceramics, prop- 
erties, 3(1), 11-12 
Uranium dioxide—zirconium dioxide system, constitu- 
tion, 1(3), 19 
fabrication, 3(1), 12 
phase studies, 2(3), 14 
Uranium dioxide—zirconium oxide solid solution, 
radiation effects, 3(3), 22 
Uranium dioxide —zirconium silicate dispersion ce- 
ramic, radiation effects, 3(1), 19 
Uranium eutectic alloys (molten), containment in 
oxidized crucibles, 1(3), 48 
Uranium fuel cylinders, internal canning with 
Zircaloy-2, 2(1), 49 
Uranium fuel elements, coextrusion with cladding, 
1(3), 51-2; 1(4), 14, 41; 3(1), 50; 3(3), 54 
drawing with Zircaloy-2 cladding, 3(4), 49 
extrusion with Al cladding, 1(3), 52 
pressure-bonding production, 1(1), 26 
radiation effects, 2(2), 1; 3(4), 4 
technology, 2(2), 1, 3 


Uranium fuel elements (Al-clad), radiation effects 
and thermal transmission, 1(3), 52 

Uranium fuel elements (Al-clad, Ni-bonded), corro- 
sion in H,O, 1(4), 11 

Uranium fuel elements (AlSi-coated), canning with 

X-8001, 2(2), 54 
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Uranium fuel elements (Ni-plated), extrusion with Al 
cladding, 2(2), 53-4 
Uranium fuel elements (Ni-plated, Al-clad), radiation 
effects and thermal transmission, 1(3), 52 
Uranium fuel elements (stainless-steel-clad), radia- 
“tion effects, 3(2), 2 
Uranium fuel elements (Zircaloy-2-clad), corrosion 
in H,O, end capping, and H, release, 3(2), 8 
Uranium fuel plates, canning with Al, 3(4), 51 
extrusion with Al cladding, 2(1), 48—9; 3(4), 51 
machining, 2(1), 48-9 
preferred orientation, 1(4), 1—2 
rolling with Zircaloy cladding, 1(4), 39-40 
Uranium fuel plates (Ni-coated), pressure bonding 
with Al cladding, 1(3), 50-1 
Uranium fuel plates (Ni-plated, Al-clad), interdiffu- 
sion, 1(1), 28 
Uranium fuel rods, coextrusion with cladding, 
1(4), 41-2; 2(1), 48; 2(2), 53; 2(3), 51; 3(2). 46; 
3 (3), 54 
radiation effects, 1(4), 2 
Uranium fuel rods (Zircaloy-2-clad), etching, swag- 
ing, and testing, 2(1), 48 
Uranium fuel slugs, ceramic coating, 1(3), 53 
evaluation, 3(2), 39 
Mo jacketing, 3(4), 51 
nondestructive testing, 1(2), 42 
pressure bonding with Zircaloy-2 cladding, 3(2), 44 
Uranium fuel slugs (AlSi-bonded, X-8001-clad), dif- 
fusion, 2(3), 16 
Uranium fuel slugs (AlSi-coated), canning with Al, 
2(2), 54 
Uranium fuel slugs (Ni-plated), pressure bonding with 
Al cladding, 1#(4), 40—1 
Uranium fuel slugs (Zircaloy-clad), fabrication, 
3(2), 39-40 
Uranium glass fibers (glass~clad), applications, 
3(3), 19 
Uranium hexafluoride, conversion to UO,, 3(1), 51 
Uranium hydride, effects on tensile properties of U, 
1(1), 1 
Uranium ingots, alpha extrusion, 2(2), 48 
furnace pressure effects, 3(4), 48 
mold heating effects, 3(2), 39 
solidification, 2(4), 41 
soundness, 3(2), 39 
Uranium monocarbide 


See also Uranium carbides and Uranium dicar- 
bide 
annealing effects, 3(1), 12 
casting, 2(3), 15; 3(3), 21 
chemical reactivities, 3(3), 20 
compatibility with, Be, 2(2), 13 
container materials, 3(1), 12 
Inconel, 3(4), 13 
mild steel, 3(4), 13 
Na, 2(2), 13 
NaK, 2(1), 14 
type 304 stainless steel, 3/4), 13 
Zr, 2(2)j, 13; 3(4), 13 
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Uranium monocarbide (Continued) 
evaluation as fuel material, 3(3), 20 
fabrication, 3(1), 13; 3(4), 15 
fission-gas release, 2(2), 13—14; 2(4), 8 
green density, 2(1), 14 
handling, 3(4), 15 
hot pressing, 3(3), 21 
Kr®™ release, 2(2), 14 
lattice parameter, 3(4), 13 
melting, 2(1), 14; 3(1), 12; 3(3), 21 
physical properties, 2(4), 8 
preparation, 2(1), 14; 3(1), 12—13; 3(2), 5—6; 
3(3), 55; 3(4), 15 
production by C reduction of U oxides or ammonium 
diuranate, 3(3), 21 
properties of sintered bodies, 2(2), 13 
radiation effects, 2(1), 14; 2(3), 15; 2(4), 8; 3(1), 
19; 3(2), 6; 3(3), 20; 3(4), 13 
reaction with, CO,, 2(2), 13; 2(4), 8 
H,, 2(2), 13 
Nb in Ar, 3(3), 20 
sintering, 2(3), 15; 3(3), 21; 3(4), 15 
storage, 3(4), 15 
strength, 3(3), 20 
thermal conductivity, 2(4), 8 
thermal expansion, 2(4), 8 
U diffusion into, 3(3), 20; 3(4), 13 
Xe! release, 2(2), 14 
Uranium monocarbide (cast), irradiation behavior, 
2(3), 15 
physical properties, 2(3), 15 
Uranium monocarbide (sintered), properties, 2(2), 
13; 3(3), 21 
Uranium monocarbide fuels, C diffusion, 3(1), 12 
C effects on density and electrical resistivity, 
3(1), 12 
corrosion in H,O, 3(1), 12 
development, 3(1), 12 
fabrication, 2(4), 9 
hot pressing, 2(4), 8 
mechanical properties, 3(1), 12 
metallography, 2(4), 8 
physical properties, 3(1), 12 
properties, 2(2), 14; 3(4), 13-15 
thermal conductivity, 3(1), 12 
U diffusion, 3(1), 12 
Uranium monocarbide —graphite fuel elements, prepa- 
ration, 2(2), 13 
Uranium monocarbide powder, production, 3(3), 21 
Uranium monocarbide—uranium mononitride system, 
cold pressing and melting, 2(2), 13 
Uranium monocarbide—uranium nitride system, con- 
stitution, 3(1), 12 
Uranium mononitride, compatibility with metallic 
matrices, 2(2), 11 
fabrication, 3(4), 15 
preparation, 2(2), 11 
properties, 3(4), 13-15 
Uranium nitride, crystal structure, 3(1), 12 
density, 2(4), 8—9; 3(1), 13 


development, 3(1), 13 
fabrication effects, 3(1), 13 
melting point, 3(1), 12 
physical properties, 1(3), 18 
preparation, 2(4), 8; 3(1), 8; 3(3), 21 
sintering, 2(3), 15 
structure, 2(4), 8; 3(1), 13 
Uranium nitride compacts, preparation, 2(3), 16 
Uranium nitride — metal dispersions, development, 
2(3), 11-12 
Uranium nitride — vanadium dispersions, chemical 
reactions, 1(4), 9 
Uranium oxide 
See also Uranium dioxide 
CO decomposition on, 2(2), 14 
composition, 1(2), 14 
flow behavior, 2(2), 12 
interstitial O,, 1(3), 15 
O, self-diffusion, 1(3), 15 


oxidation, 3(3), 18—19 
2(1), 12 
1(2), 17; 2(1), 12; 2(4), 11; 


properties, 
radiation effects, 
3(3), 22 
sintering, 1(2), 13; 1(3), 14 
stability, 3(4), 12 
structure, 1(2), 14; 1(3), 15 
technology, 2(1), 12 
thermal conductivity, 2(1), 2 
thermodynamic properties, 2(3), 14 
volatilization, 3(3), 18-19 
Uranium oxide ceramics, sintering, 2(2), 12 
Uranium oxide dispersion ceramics, radiation effects, 
3(1), 19 
Uranium oxide (fused) fuel elements, swaging with 
Zircaloy cladding, 3(2), 43 
Uranium oxide powders, Kr” diffusion from, 3(4), 11 
Uranium oxides (active), oxidation, 1(3), 15 
preparation, 1(3), 15 
structural behavior, 1(3), 15 
Uranium oxides (inactive), oxidation, 
preparation, 1(3), 15 
structural behavior, 1(3), 15 
Uranium oxides (irradiated), differential calorimetry, 
3(3), 17 
Mo” chemical behavior, 3(1), 19 
Xe! diffusion, 3(3), 18 
Uranium phosphide, development, 3(1), 13 
properties, 3(4), 13-15 
Uranium powder, metallurgy, 
preparation, 3(1), 2 
Uranium powder compacts, radiation effects, 
sintering, 3(1), 2 
Uranium powder compacts (irradiated), fission-gas 
escape, 2(1), 2 
Uranium powder products (dispersion-hardened), 
preparation and properties, 3(4), 10-11 
Uranium refractories, fabrication, 2(1), 14 
Uranium selenide, evaluation as fuel material, 3(3), 
20-1 
Uranium sheet, annealing effects and rolling, 


1(3), 15 


2(1), 4; 2(2), 5 


2(1), 2 


1(3), 49 
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Uranium sheet (cold-rolled), recrystallization, 
48 
Uranium silicide (Zircaloy-2-clad), preparation and 
radiation effects, 3(3), 5 
Uranium silicide ceramic fuels, properties, 2(2), 14 
Uranium silicide dispersant, preparation and com- 
patibility with metallic matrices, 2(2), 11 
Uranium silicide —vanadium dispersions, chemical 
reactions, 1(4), 9 
Uranium silicides, corrosion, 1(3), 20 
development, 3(1), 13 
fabrication, 3(4), 7 
heat-treatment, 3(4), 7 
high-temperature stabilization, 1(3), 19 
microhardness, 1(2), 16 
oxidation, (1), 14; 1(2), 16 
preparation, 1(3), 19; 3(3), 21; 3(4), 15 
properties, 1(3), 18—19; 3(4), 7, 13-15 
radiation effects, 1(1), 38; 1(3), 19; 3(4), 7 
reaction with No, (1), 14; 1(2), 16 
specific heat, (2), 16 
thermal expansion, 1I(1), 14; 1(2), 16 
Uranium sulfide, development, 3(1), 13 
evaluation as fuel material, 3(3), 20-1 
physical properties, 1(3), 18 
Uranium sulfide fuel, properties, 3(4), 13-15 
Uranium-sulfur compounds, preparation, properties, 
and X-ray diffraction, 2(2), 14 
Uranium. telluride, evaluation as fuel material, 
3(3), 20-1 
Uranium ternary alloys, hot hardness, 1(3), 6 
Uranium trioxide, properties, 1(4), 11 
Uranium tubing, cable cladding with Al, 2(1), 45 
casting, 3(4), 8 
coextrusion, 2(3), 50 
coexirusion with Zircaloy cladding, 3(4), 51 
development, 1(3), 1 
external extrusion cladding with Al, 3(2), 46 
extrusion, 3(2), 41 
fabrication, 1(3), 48-9 
internal extrusion cladding with Al, 3(2), 46 
pressure bonding with cladding, 3(4), 50 
radiation effects, 1(3), 1 
Uranium tubing (Al-clad), multitemperature coextru- 
sion, 2(1), 48 
Uranium tubing (Al-Mg alloy clad), multitemperature 
coextrusion and cracking of cladding, 2(1), 48 
Uranium tubing (Ni-plated), external and internal ex- 
trusion cladding with Al, 3(3), 54 
Uranium tubing (Zircaloy-2-clad), coextrusion, 
1(4), 41 
Uranium tubular fuel elements (Zircaloy-2-clad) 
(pressure-bonded), diffusion, 3(2), 44—5 
Uranium—uranium aluminide diffusion couple, UAl, 
growth kinetics, 3(1), 15 
Uranium-vanadium alloys, metallic addition effects 
on eutectic temperature, 1(4), 2 
Uranium -vanadium-zirconium alloys, corrosion in 
H,O, 1(4), 2—3 
Uranium washers, production, 1I(1), 26 


3(1), 
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Uranium wires, vapor deposition with Be-Mg alloy 
coating, 2(3), 52 
Uranium-yttrium dispersions, density, 3(1), 9 
distortion, 2(4), 5 
fabrication, 3(1), 8—9 
*hardness, 2(4), 5 
tensile properties, 2(4), 5; 3(1), 9 
thermal conductivity, 3(1), 9 
thermal cycling, 3(1), 9 
Uranium-yttrium-zirconium alloys, phase diagram, 
1(4), 36 
Uranium-Zircaloy alloys, corrosion in H,O, 1(4). 7 
Uranium — Zircaloy-2 alloys, corrosion in H,O, 
1(4), 7 
Uranium — Zircaloy-3 alloys, corrosion in H,O, 
1(4), 7 
swelling, 2(3), 7 
Uranium — Zircaloy-3 alloys (irradiated), annealing 
effects, 2(3), 8 
swelling, 2(3), 7 
Uranium-Zircaloy-Zircaloy subassemblies, pressure 
bonding, 1(1), 27 
Uranium zirconide, crystal structure, 3(4), 8 
Uranium-zirconium alloy dispersions, radiation ef- 
fects, 1(2), 12 
Uranium-zirconium alloy hydride 
See Hydrogen-uranium-zirconium system 
Uranium-zirconium alloys, behavior summary, 
2(1), 6; 3(2), 3 
coating with Zr, 2(2), 55 
coextrusion with cladding, 2(3), 51; 2(4), 43 
coextrusion with cladding and thermocouple, 
2(2), 53 
constitution, 2(2), 8; 3(3), 5 
corrosion, 1(1), 4—5, 7—8; §(2), 6; 1(3), 20; 1(4), 
2—3, 5-7; 2(1), 7, 15; 2(2), 14; 2(3), 8; 3(3), 6, 
22 
development for power-reactor use, 3(1), 4 
diffusion, 2(2), 37; 2(4), 4; 3(2), 3; 3(3), 44; 
3(4), 43 
electrical resistivity, 2(1), 7 
fabrication, 3(3), 6 
hardness, 1(4), 5; 2(1), 7 
heat-treatment effects, 3(3), 5—6 
hydrogen, heats of solution, 3(1), 25 
migration, 1(2), 23 
reaction with, 3(1), 24-5 
solubility, 3(3), 22 
interdiffusion, 2(3), 16 
Kr® diffusion coefficient in, 2(4), 4 
magnetic susceptibility, 2(1), 7 
modulus of elasticity, 1(1), 8 
oxidation, 1(1), 6, 35 
phase diagrams, 2(3), 3; 3(3), 5 
phase transformation, 3(3), 5 
physical properties, 2(2), 6, 8 
pressure-weld bond strengths, 2(4), 43 
processing, 1(3), 6 
production, 2(1), 9 
properties, 1(3), 6; 2(1), 6; 2(3), 6; 3(2), 3 

















Uranium-zirconium alloys (Continued) 
radiation effects, 1(1), 8; 1(2), 6—8, 12; 1(3), 8-9; 
2(1), 3—4, 7—8; 2(2), 8; 2(3), 8; 3(1), 2—3; 
3(3), 2—3, 6; 3(4), 5 
scrap recycling, 1(3), 9 
sintering, 2(1), 9 
Stability, 1(4), 5; 2(3), 6 
strain at fracture, I(1), 8 
structure, 1I(1), 6; 1(3), 6; 2(2), 6 
technology, 3(3), 5 
tensile strength, 1I(1), 8 
thermal stability, 1(3), 5-6 
transformation, 1(1), 6; 1(4), 7; 2(2), 8; 2(3), 2 
U diffusion, 3(3), 44 
Xe! and Xe’ diffusion coefficients in, 2(4), 4 
yield strength, 1(1), 8 
Uranium-zirconium alloys (extrusion-clad), radiation 
effects, 3(3), 2—3 
Uranium-zirconium alloys (irradiated), annealing, 
1(3), 8; 2(1), 8, 17; 2(2), 7; 2(4), 4, 9 
bend testing, 2(1), 8-9 
corrosion in H,O, 2(2), 7 
effects of transients, 2(1), 17; 2(2), 7; 2(4), 9 
fission-gas release, 2(3), 19; 2(4), 4 
heating effects on swelling, 2(2), 7 
Uranium-zirconium alloys (Zircaloy-clad), corrosion 
detection, 1(2), 3 
fabrication yield evaluation, {(1), 26 
radiation effects on corrosion, 1(3), 3—4 
resistance bonding, 1(4), 42 
Uranium-zirconium alloys (Zircaloy-2-clad), corro- 
sion, 1(2), 6; 2(2), 3; 3(2), 8; 3(3), 3 
heat-treatment, 2(2), 3 
melting, 2(4), 24—5 
radiation effects, (2), 8; 2(1), 8; 2(2), 3, 15; 
2(4), 4; 3(4), 5, 15 
reaction with H,O, 2(4), 24—5 
thermal cycling, 1(3), 6; 3(2), 3 
Uranium-zirconium alloys (Zircaloy-2-clad) (irra- 
diated), heating effects on swelling, 1(4), 7 
Uranium-zirconium alloys (Zircaloy-3-clad), radia- 
tion effects, 1(2), 7-8 
Uranium-zirconium ceramics, fabrication, 1(1), 13 
Uranium (molten)- zirconium diffusion couples, 
interaction, 2(4), 33 
Uranium -— zirconium hydride alloys, radiation effects, 
2(4), 16 
Uranium-zirconium subassemblies, pressure bonding 
with Zircaloy cladding, 2(3), 50 
Uranium-zirconium tubing, coextrusion with Zircaloy- 
2 cladding, 2(1), 47—8 
Uranyl hexahydrate, thermal-decomposition products, 
1(4), 11 
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Vanadium, brittleness, 2(4), 37 
chemical behavior, 2(3), 31 
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compatibility with fissium-Pu-U alloys, 3(4), 8-9 
corrosion, 2(3), 31 
diffusion, 2(3), 17 
electroplated coatings, 3(4), 53 
fabricability, 3(2), 34 
oxidation, 3(4), 34 
radiation effects on thermal conductivity, 3(4), 38 
relaxation time, 3(2), 36 
Vanadium alloys, electroplated coatings, 3(4), 53 
oxidation, 3(4), 34 
Vanadium boride, properties, 3(4), 34 
Vanadium carbide, properties, 3(4), 34 
Vanadium nitride, properties, 3(4), 34 
Vanadium oxide, properties, 3(4), 34 
Vanadium-yttrium alloys, constitution, 2(3), 35 
Vapor-deposited coatings, graphite tubes with 
metallic carbides, 1t(1), 28 
stainless-steel tubing with Nb, 1(1), 28 


Ww 


Washers, production of U, I(1), 26 
Water, separation from D,0O, 3(4), 1 
Welding 
See also specific metals and alloys 
age hardening, 2(3), 53 
bibliographies, 3(4), 55 
corrosion, 3(4), 34 
electrical potential testing, 1(3), 54 
electron beam, 2(2), 55 
explosion, 3(1), 52; 3(2), 49 
nondestructive testing, 1(2), 42 
stainless steels, 2(3), 39, 43 
technical report catalog, 3(3), 58 
ultrasonic, 1(3), 54 
Zr, Zircaloy-2, and Zircaloy-3, 1I(1), 29 


X-ray testing 
See also Nondestructive testing 
applications, 2(3), 53; 2(4), 44—5; 3(3), 58 
development, 2(1), 51 
fuel-element U content determination, 2(3), 54 


Y 


Yttrium, addition effects on oxidation resistance of 
metals and alloys, 3(1), 34 
canning in Cu, 3(1), 34 
chemistry, 3(1), 48 
containment by Cr-U alloy, 2(4), 22 
corrosion in H,O vapor, 2(4), 23 
fabrication, 3(1), 48; 3(3), 43-4, 51 
melting, 3(1), 48 
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Yttrium (Continued) 
metallurgy, 3(1), 48 
O content effects on H absorption, 3(2), 16 
O removal, 3(2), 46 
oxidation, 3(4), 33 
physical constants, 3(1), 42-3 
porcelain-enamel coating, 2(4), 44 
properties, 3(1), 48 
solid solubility in Cr-Fe alloys, 3(2), 32 
solid-state reactions with metals and alloys, 3(1), 
15-16 
welding, 3(4), 55 
Yttrium alloys, phase diagrams, 3(1), 48 
Yttrium hydrides, density, 3(2), 16 
dissociation pressures, 3(2), 16 
electrical resistivity, 3(4), 25 
fabrication, 3(2), 16 
hardness, 3(4), 24 
H content effect on Ny, 3(2), 16 
H content reduction, 3(2), 16 
lattice constant, 3(2), 16 
linear thermal expansion, 3(4), 24—5 
magnetic susceptibility, 3(4), 25 
Ny, 3(2), 16 
properties, 3(2), 16; 3(4), 23-4 
radiation effects, 3(2), 16 
specific heat, 3(4), 25 
stress-rupture data, 3(2), 16-17 
technology, 3(3), 32 
thermal conductivities, 3(4), 24 
transformation, 3(4), 25 
ultimate tensile strength, 3(4), 23-4 
Yttrium-zirconium alloys, eutectic, 3(1), 42 
phase diagram, 1(4), 36 


Z 


Zinc, radiation effects on resistivity, 2(2), 33 
reaction with H,O, 2(1), 33 
U solubility in, 2(2), 8 
Zine (irradiated), annealing kinetics, 3(2), 26 
Zinc (molten), solubility of Thin, 3(4), 9 
Zircaloy, chemical plating with Cu, 2(4), 43 
corrosion, 1(2), 30-1; 1(3), 33; 1(4), 21, 35-6; 
2(2), 27 
electron-beam welding, 2(1), 51 
fabrication, 2(2), 47; 3(1), 48 
H, diffusion, 1(3), 26—7 
H, pickup, 1(4), 21 
hardness, 2(4), 35 
hydriding, 1(3), 33; 3(4), 26 
melting, 2(2), 47 
metallurgically bonded joints with stainless-steel 
tubes, 3(3), 54 
pressure bonding, 1(1), 27; 1(2), 40; 1(3), 50; 
1(4), 41 
production cost reduction, (3), 49 
properties, 2(4), 35 


quality, 1(2), 39; 1(3), 49 
radiation effects, 2(1), 41-2 
reaction with steam, 3(4), 36 
salt bonding, 2(4), 43 
stringer occurrence, 1(3), 49 
welding, (3), 53; 2(1), 51 


Zircaloy (irradiated), annealing effects, 2(1), 41-2 


Zircaloy fuel assemblies, ceramic-coated weld back- 
ing, 2(4), 44 


Zircaloy fuel-element components, forge rolling, 
2(3), 48 


Zircaloy ingots, ultrasonic testing, 1(3), 54 

Zircaloy sheets, diffusion bonding, 2(1), 51 

Zircaloy tubing, cold working of extruded, 2(1), 45 
injection casting in canning, 2(3), 52 


Zircaloy-2, annealing, 2(3), 35-6; 3(3), 51 

brazing, 3(2), 48 

burst strength, 1(2), 35 

cold-work effects, 3(3), 44 

compatibility with fissium-Pu-U alloys, 3(4), 8-9 

corrosion, 1I(1), 32, 35; 1(3), 49; 1(4), 21—2, 39; 
2(1), 28, 34; 2(2), 27; 2(3), 28; 2(4), 20; 3(2), 22; 
3(3), 22, 37; 3(4), 8, 31, 35 

corrosion under irradiation, 3(1), 32 

creep properties, 1(2), 35—6; 1(3), 39; 1(4), 27-8, 
30; 2(1), 34, 36; 2(2), 41; 2(4), 35; 3(1), 42—3; 
3(2), 30; 3(4), 42 

creep-rupture properties, 3(1), 43 

crystal properties, 1(2), 35 

D heat of transport, 3(4), 26 

diffusion bonding, 3(2), 45 

diffusion with Th, 1(2), 10 

ductility, (3), 39 

dynamic modulus of elasticity, 2(3), 37 

explosion forming, 3(1), 52 

flow-stress recovery, 1(3), 40 

fretting corrosion, 2(3), 28; 3(2), 22; 3(4), 31 

grain growth, 2(3), 35 

grain size, 2(2), 40; 2(3), 38, 40-1 

heat-treatment effects, 1(3), 38—9; 1(4), 39; 
2(1), 34; 2(2), 27, 40; 2(3), 38, 40-1 

hydridation, 14(3), 33; 1(4), 15, 21; 2(1), 24; 2(3), 
23, 28; 2(4), 20; 3(3), 37—8; 3(4), 26, 30-1 

hydrogen, absorption in H,O and steam, 2(3), 28 
effects, (3), 39-40; 2(1), 34—36; 3(2), 29 
pickup, 3(3), 33 
thermal diffusion, 3(3), 33, 44 

immersion plating, 3(2), 47 

inclusions, 2(4), 30 

joining to Ag-Cd-In alloys, 1(3), 31 

mechanical properties, 1(3), 38—9; 1(4), 26, 30, 32; 
2(1), 34, 36; 2(3), 36—7; 3(3), 44; 3(4), 42 

metallic coatings, 1(3), 53; 2(2), 55 

physical metallurgy, 2(3), 37 

precipitates, 2(4), 30 

production, 2(1), 28 

properties, 3(2), 40; 3(3), 46 

quality control, 1(4), 22 
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Zircaloy-2 (Continued) 
radiation effects on, H, absorption, 2(2), 22; 
2(3), 28 
impact properties, 2(2), 36; 3(1), 37 
mechanical properties, 1(2), 33—4; 2(4), 27, 
29— 30; 3(2), 28; 3(3), 43 


tensile properties, 1(1), 39; 2(2), 35; 2(3), 32—3; 


3(4), 40-1 
reactions with H,O and steam, I(1), 35; 3(4), 35 
relaxation, 2(3), 36 
residual work effects, 3(1), 42-3 
rolling, 3(3), 51 
soaking effects, 2(4), 35 
strain-fatigue testing, 1(2), 36 
strain-rate effects, 2(3), 36—8, 40-1 
stress effects, 1(3), 39 
stress-fatigue properties, 2(3), 36—7 
stress-relaxation characteristics, 3(4), 42 
stress-rupture properties, 2(3), 36 
stringers, 2(2), 47; 3(3), 51 
structural anisotropy effects, 2(3), 38 
surface O, effects, 2(3), 36 


tensile properties, 1(4), 27, 30, 32, 39; 2(2), 40—2; 


2(3), 36, 38, 40—1; 2(4), 35; 3(2), 29 
thermal expansion, 2(3), 37-8 
transformation temperatures, 1(4), 35 
wear factors against stainless steel 347, 1(3), 31 
welding, 1(1), 29; 1(2), 41; 2(2), 25; 3(4), 55 
yield strength, 1(2), 35 
Zircaloy-2 (annealed), creep properties, 3(1), 42; 
3(2), 30 
Zircaloy-2 (cast), impact and tensile properties, 
2(1), 34-5 
Zircaloy-2 (cold-worked), properties, 3(1), 42—3; 
3(2), 30; 3(3), 44 
Zircaloy-2 (Cu diffusion-bonded), H, absorption in 
H,O, 2(1), 28 
Zircaloy-2 (Cu-jacketed), Cu diffusion, 3(2), 34—5 
Zircaloy-2 (Fe diffusion-bonded), H, absorption in 
H,O, 2(1), 28 
Zircaloy-2 (fusion-welded), ultimate and yield 
strengths, 2(1), 34—5 
Zircaloy-2 (irradiated), damage annealing, 3(4), 40 
hardening recovery, 1(3), 44 
oxide weight gains in H,O, 2(3), 28 
Zircaloy-2 (molten), reaction with H,O, 1I(1), 35; 
2(1), 33-4 
reaction with uranyl sulfate solution, 2(1), 33-4 
Zircaloy-2 (vacuum-melted), impact properties, 
3(1), 43 
low-cycle strain-fatigue properties, 3(1), 43 
Zircaloy-2 (wrought), impact and tensile properties, 
2(1), 34-5 
Zircaloy-2 diaphragms, creep and deflection testing, 
3(2), 30 
Zircaloy-2 module boxes, explosion sizing, 3(2), 51 
Zircaloy-2 receptacle plates, fabrication, 2(3), 50 
Zircaloy-2 strip, tensile properties, 2(3), 36 
Zircaloy-2 tubing, fabrication, 1(4), 39 
hydrostatic destructive testing, 3(2), 29-30 


pressure testing, 3(2), 29 

Zircaloy-2 welds, backup contamination, 3(2), 48 
corrosion in H,O, 2(1), 50; 2(4), 20 
properties, 2(4), 34—5 

Zircaloy-2—Zircaloy-2 sheet, fretting corrosion in 
H,O, 2(3), 28 

Zircaloy-2-— zirconium alloy couples, diffusion, 
2(3), 17 


Zircaloy-3, corrosion, 1(1), 32 
creep properties, 1(2), 36; 1(4), 27, 29 
crystal properties, 1(2), 35 
heat-treatment effects, 1(3), 38-9 
mechanical properties, 1(3), 38—9; 1(4), 26 
radiation effects, 2(1), 41—2; 2(3), 32—3; 2(4), 
26—8 
strain-fatigue testing, 1(2), 36 
stress-rupture properties, 2(3), 36 
tensile properties, 1(2), 35-6; 1(4), 27, 30-1; 
2(3), 36 
welding, 4(1), 29; 2(3), 53 
Zircaloy-3 welds, corrosion resistance in H,O, 
2(1), 50 
Zircaloy-4, creep properties, 3(3), 44—5 
hydriding, 3(2), 17; 3(3), 37-8 
mechanical properties, 3(4), 42 


Zircaloy-B, reactions with H,O and steam, 1(1), 35 
Zirconium, arc cutting, 3(2), 47 

brazing, (1), 29-30 

compatibility with fissium-Pu-U alloys, 3(4), 8-9 

compatibility with UC, 3(4), 13 

corrosion, 1(3), 33, 37; 1(4), 21, 24—5; 3(1), 34 

cracking in hydridation, 2(4), 15 

creep properties, 3(2), 29 

crystal production, 2(3), 34-5 

deformation, 1(4), 26; 2(4), 20 

density, 2(2), 22 

diffusion, 2(2), 37—8; 2(3), 17; 3(2), 36 

diffusion welding, 3(4), 50 

dimensional changes, 2(2), 20 

electron-beam welding, 3(1), 53 

forging, 2(4), 41 

hot hardness, 3(2), 29 

hydridation, (4), 15, 21; 2(1), 24; 2(2), 22; 
2(4), 15; 3(3), 37; 3(4), 30 

hydrogen, content adjustment, 2(3), 23 
diffusion, 1(2), 23; 2(4), 15-16; 3(1), 24 
distribution, 3(2), 34 
role in corrosion, 1(4), 21 

ignition, (3), 20; 2(3), 28; 2(4), 20 

lattice stability, 3(2), 35 

mechanical properties, 3(3), 32 

metallic coating, 1(3), 53 

nuclear properties, 3(3), 32 

oxidation, (2), 31; 1(3), 34; 2(4), 20; 3(2), 22; 
3(4), 34 

pressure bonding with metals, 1(1), 26—7; 2(3), 50 

properties, 3(3), 46; 3(4), 30 

published data, 2(3), 45 

pyrophoricity, 14(3), 20; 2(3), 28 
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Zirconium (Continued) 
radiation effects on, gaseous oxidation, 3(2), 27 
impact strength, 3(1), 37 
lattice, (1), 39; 3(1), 37 
mechanical properties, 3(1), 39 
radiographic testing, 1(1), 30 
reaction with H,O, (1), 35; 1(2), 30; 1(4), 25; 
2(1), 33; 2(4), 24—5; 3(2), 8; 3(4), 35 
recovery kinetics, 3(2), 35 
scaling, 14(2), 31; 1(4), 21—2; 2(2), 27; 2(4), 20 
separation from Hf, 3(4), 1 
solubility in Y, 3(1), 42 
stringers, 1(3), 33; 1(4), 35 
technology, 1(3), 49 
thermal-gradient effects, 3(2), 34 
welding, 4(1), 29; 3(1), 53 
Zirconium (cold-worked), hardness, recovery, and 
recrystallization, 2(3), 34 
Zirconium (irradiated), damage recovery, 3(3), 41; 
3(4), 41 
fission-fragment recoil range, 3(2), 26 
Zirconium (molten), reaction with H,O, 1(1), 35; 
3(2), 25 
Zirconium alloy hydrides, dissociation pressures, 
1(2), 23 
mechanical properties, 2(4), 15 
Zirconium alloy ingot, piercing, 3(1), 48 
Zirconium alloys, annealing, 3(3), 51 
corrosion, 2(1), 28; 3(3), 38, 45 
deformation modes, 1(3), 38 
fabrication, 3(1), 48 
H, pickup, 3(3), 32—3 
hardness, 2(1), 28 
hydridation, 1(3), 33; 1(4), 21; 2(4), 15 
mechanical properties, 3(1), 37-8, 43-5 
oxidation, (2), 31; 1(3), 33—4; 3(2), 22; 3(4), 34 
pickling, 2(1), 28 
published data, 2(3), 45 
radiation effects, 2(2), 33—4; 3(1), 37-8 
rolling, 3(3), 51 ; 
scaling, (2), 31; 2(2), 27 
strength, 3(3), 38, 45 
stringer-formation prevention, 3(3), 51 
Zirconium boride 
See also Zirconium diboride 


compatibility with stainless steel, 3(2), 19 
corrosion resistance to Na, 2(1), 32 
properties, 3(4), 34 
radiation effects, 1(2), 26 
solubility in H,O, 1(3), 32 
Zirconium boride —stainless steel dispersions, fabri- 
cation, 2(2), 26 
Zirconium carbide, corrosion resistance, 2(1), 32 
properties, 3(4), 34 
vapor-deposited coating on graphite, 1(1), 28 
Zirconium cladding, diffusion with Mo-U alloys, 
2(2), 39 
thickness determination, 3(2), 52 


Zirconium diboride 
See also Zirconium boride 
chemical reactions, 3(4), 29 
melting effects, 3(2), 41 
oxidation, 3(4), 53 
«radiation-induced He release, 3(3), 35-6 
thermal-shock resistance, 3(4), 53 
vapor pressure, 3(4), 28-9 
Zirconium diboride powder, coating with Nb, 
3(2), 47 
radiation effects, 2(4), 19 


Zirconium diboride powder (irradiated), annealing 
effects, lattice constant changes, and line broaden- 
ing, 2(4), 19 


Zirconium dioxide, arc spraying, 3(2), 47 
corrosion resistance, 2(1), 32 
properties, 3(4), 34 
protective effects against H,, 2(3), 28 
radiation effects, 2(4), 11; 3(2), 27; 3(3), 22; 

3(4), 39 

radiation-induced phase transformation, 3(3), 41 
reaction with PuO,, 3(4), 15 


Zirconium dioxide (irradiated), phase changes, 

3(4), 40 
Zirconium dioxide film breakdown, 3(1), 32 
Zirconium dispersions, radiation effects, 1(1), 15 
Zirconium hydride 

See also Hydrogen-zirconium system 

cladding, 1(3), 26; 2(4), 15 

compatibility with CO,, 3(3), 33 — 

crystal structure, §(2), 23 

electrical resistivity, 3(2), 15; 3(3), 32 

fabrication, 2(4), 15 

H, diffusion in, 1(2), 23; 3(2), 16; 3(3), 32—3 

Hall coefficients, 3(2), 15; 3(3), 32 

heat content, 1(3), 26 

mechanical properties, 2(4), 15 

moderator uses, 3(1), 24 

preparation, 1(3), 26 

pressure bonding with stainless-steel cladding, 

1(3), 51 

properties, (1), 21; 1(3), 26; 1(4), 15; 2(4), 15 

reactions with N, and NaK, 1(3), 26 

specific heat, 3(3), 32 

structure, 1(4), 15 

technology, 3(3), 32 

tensile properties, 2(4), 15 

thermal conductivity, 2(4), 15 

thermal expansion, 1(3), 26 

vapor deposition of Mo, 1(3), 53 


Zirconium nitride, properties, 3(4), 34 
Zirconium silicate, oxidation, 3(4), 53 
radiation effects, 3(3), 22; 3(4), 20 
thermal-shock resistance, 3(4), 53 
Zirconium tubing, fabrication, 1(4), 39 

ZW1, radiation effects, 3(1), 38-9 
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